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ABSTRACT
In 'many coal-fired electric power plants, a single
pulverizer supplies fuel to numerous burners. Due to
geometrical differences between the pulverized coal transport
pipes, the flow of coal and conveying air are usually not
equally distributed. The co~l flow imbalances result in non-
uniform combustion within the furnace, causing a negative
impact on unit performance and increased NOx emissions.
This thesis examines a computational technique for burner
balancing based upon pressure losses in pneumatic transport.
Utilizing gas-solids pressure drop correlations developed by
Yang and Michaelides, a computer code is presented which
analyzes the performance of a system of coal pipes.
Using typical power plant operational data, a sample
pipeline system is analyzed to determine the orifice plates
required to balance the coal flow distribution and determine
the unbalanced coal mass flow rates.
The correlations used in the code have a typical
accuracy of 30 percent, and the substitution of different
elbow correlations into the code produced coal flow deviations
of up to 40 percent. The variation of operational parameters
such as particle size and pipe roughness generated deviations
of up to 7 percent and 15 percent , respectively. Field
studies should be performed to ascertain the accuracy of these
predictions, and the validity of this balancing technique.
1
1. INTRODUCTION
1.1 Electric Power Plant Coal Distribution System
When coal arrives at an elect:r:ic power plant, it is
seldom in the optim~m condition for combustion. Initially
t1
stored in bunkers outside of the plant, it is both too large
in size and too high in moisture content to be efficiently
utilized. Thus before it is sent to the furnace, it is
transported via mechanical conveyor belts to large crushing
machines known as. pUlverizers. The pUlverizer reduces the
size of the coal particles from inches to particles typically
less than 100 microns. As the coal's size is reduced, the
surface area available for heat transfer increases, which
yields a more efficient combustion process. Figure 1-1.
displays a typical pUlverizer built by Babcock & wilcox.
When the coal has been properly sized, it exits the
pUlverizer and is sent to a large centrifugal fan called an
exhauster, 'diagramed in Figure 1-2. The exhauster transports
the coal pneumatically to the furnace in pipes along with
primary air. The transport, or primary, air is combined with
secondary air (supplied from another fan system) t? provide
all of the oxygen necessary for complete combustion of the
fuel. Many exhausters receive air which has already been
preheated by the. plant's air heaters, typically to 500 to 600
degrees Fahrenheit, a temperature which is too high to safely
transport the potentially volatile coal particles. Therefore,
2
Coarse Coal t J t
Pulverized Coal
Figure (1-1) Babcock & wilcox coal pUlverizer.
3
Exit Flow
Air & Coal from
PulveriZer
Figure (1-2)~ Schematic of a typical centrifugal exhauster.
this air is combined with tempering air from the surroundings
to achieve an optimum transport temperature, which will serve
to evaporate as much moisture from the coal as possible
without the threat of spontaneous combustion. Additionally,
the preheated air serves to improve the thermodynamic
operating efficiency of the overall plant. Transport air
temperatures typically are on the order of 150 to 170 degrees
Fahrenheit.
Upon exiting the exhauster, the pUlverized coal and
primary air are transported via cylindrical pipelines to the
furnace windboxes, as shown in Figure 1-3. However, one
4
Air From Forced-Draft Fans.
(Secondary Air)
Flow
SplitterAir & Coal From Pulverizers
(Prima~yAir Flow)
Figure (1-3) Air and coal flow distribution for a
tangentially-fired stearn generator.
5
pUlverizer-exhauster combination may supply fuel to as many as
eight burners ~t one level in the furnace. This is achieved
by utilizing a distribution system which is diagrammed in
Figure 1-4. The air-fuel·mixture exits the exhauster into a
pipe of a given diameter, 01• This pipe delivers the flow to
a device called a coal riffler, which is intended to divide
the flow into two equal parts. Figure 1-5 reveals the typical
const:ruction of a coal riffler. Upon exiting the riffler, the
flow is again transported via pipes whose diameter has been
''\
reduced to O2 • Following Figure 1-4, the pipelines again
encounter rifflers, splitting the initial frow into four
components, each traveling in a pipeline whose diameter has
again be~n reduced, from D2 to 03 • Having been thus divided,
the flow in each pipeline is delivered to the furnace. Due to
the complexity of the plant's structure and the varying
locations of the individual burners, each pipeline supplied by
a pUlverizer has a unique shape composed of horizontal,
vertical, and elbow sections.
1.2 The Problem of Burner Imbalance
Because of the geometrical differences between the coal
pipes supplied by a pUlverizer, the coal flow is not equally
distributed to the burners. The pipeline which connects the
pulverizer to the furthest burner usually receives the least
amount of coal, while the shortest pipeline receives the
largest coal flow rate. These differences are due to the
6
34' Burners
2
1
-.J
Coal
fran
Pulverizers Flow Splitter
Ventcal
Hortzonr.a!
H ortzantal
\__ -~,L----V
furnace
Figure (1-4) Schematic representation of a pulverized coal
pipeline system for a tangentially-fired furnace.
Figure (1-5) Combustion Engineering coal riffler.
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different flow resistances presented by the pipelines. This
maldistribution results in a different air-fuel ratio for each
of the burners at a given level of the furnace, wqich leads to
non-uniform combustion. More specifically, coal flow
imbalances are suspected to have the following effects on
J
plant performance:
Higher unburned carbon levels contained in the
flue gas ash, signifying a heat rate penalty.
In addition, excessive amounts of carbon in the
fly ash render the ash unsuitable for resale.
Higher levels of thermal nitrous oxides formed
due to some burners firing at too high of a
temperature.
Higher levels of reactant nitrous oxides formed
due to burners firing above stoichiometric
conditions, providing an excess of oxygen to
bond with the available nitrogen.
Burners operating at varying air-fuel ratios
produce an uneven temperature distribution in
the furnace, resulting in uneven steam
temperatures.
Slag formation, and its resultant fouling of the
furnace, has been shown to be greater around the
burners which operate fuel-rich.
Slagging and uneven temperatures can result in
steam tube failures.
Burners operating fuel-lean may experience flame
tip instability causing the potential for a
"flashback" of fire into the conveying
pipelines.
Pipeline and equipment erosion rates increase in
pipelines which receive an excess of coal flow.
Obviously, burner imbalance can become an immense
problem for electric utilities due to the heat rate penalties
and higher potential for failure outages. In addition, the
9
Clean Air Act Amendments of 1990 have-presented power plants
with new standards of combustion performance which must be
achieved. Current methods for burner balancing depend heavily
upon trial and err'or procedures and the techniques used do not
necessarily result in a well balanced condition.
1.3 Proposed Solution
This thesis presents a computational procedure for
balancing the fuel distribution in coal-fired power plants.
Using equations which govern the flow of gas-solid mixtures,
a computer code is developed which determines the flow
resistance of each pipeline in the coal distribution system.
A method of equalizing these resistances is presented, as well
as a procedure to determine the performance of an existing
pipeline system.
A similar computational method based upon pipeline
pressure loss is currently utilized by Humbug Mountain
Research Laboratories [4] to determine burner balance. This
thesis investigates the uncertainties inherent in this
technique and provides an assessment of the degree to which
burner balance can be achieved by this procedure.
10
2. GAS-SOLID FLOW
2.1 Fundamentals of Gas-Solid Flow
2.1.1 Flow Qualification
In clean air flow through a pipe, the most common
parameter used to describe the flow is the Reynolds number,
which is the ratio of the inertial to viscous effects acting
upon the flow:
(2-1)
For the pneumatic transport of coal, Re ranges from 100,000 to
1,000,000, indicating that the flow is in the fully turbulent
regime. This allows a one-dimensional (axial) flow
assumption. In addition, due to the low air temperature range
and air velocities on the order of 100 ft/s, the flow has very
low Mach numbers and can be treated as an incomprehensible
fluid.
When solid particles are added to the air stream the
characteristics of the flow change. The most informative
parameter for describing the gas-solid flow is the loading
ratio: Ibm of solids to Ibm of air. Zenz & othmer [1]
provide the following explanation of the effect of the loading
ratio upon pneumatic transport. consider the horizontal pipe
flow described in Figure (2-1), where the pressure drop per
unit length of pipe is plotted versus the superficial gas
11
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velocity. Line AB -represents pipe flow with no· solid
particles present, i. e. clean air flow. As would be expected,
the pressure drop increases as the velocity increases due to
frictional losses. However, at identical high velocities,
such as points Band C, the addition of solid particles
increases the clean-air pressure drop due to the extra energy
required to transport the solids.
Now following along line CD, a decrease in flow velocity
eventually causes the pressure drop to reach a minimum at
which all of the solids will no longer remain entrained in the
flow. The velocity at this point (D) is called the saltation
velocity. This quantity is highly dependent upon the loading
ratio, as shown by the performance of the flows with loadings
of W2 and W3 • Saltation represents a severe discontinuity in
the flow due to the fact that it creates an unsteady flow
during which some of the solids settles out of the flow
stream. Eventually, an equilibrium point is reached, shown as
point E on Figure (2-1), where the gas-solid flow now moves
above the layer of .settled particles. However, further
reductions in flow velocity cause the settled layer to grow
larger. At this point, the pressure drop begins to increase
as the velocity is further decreased, reversing its behavior
prior to the onset of saltation. Wen & Simons [2] have
presented their visual observations of the progression of
saltation from a fully entrained gas-solid flmr -to one in
which the pipe has become fully plugged (See Figure (2-2)).
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Figure (2-2) Visual observations of saltation patterns.
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vertical pipelines also display a saturation condition
•
which limits· their performance-in pneumatic transport.
Although similar in behavior to horizontal saltation, vertical
conveying does not experience the unsteadiness associated with
horizontal flow. Figure (2-3), as presented by Zenz & Othmer
[1], shows the· flow characteristics of vertical pipeline
transport. When clean air is flowing, the behavior is
identical to that in horizontal clean air flow. And also
similar to horizontal flow, the addition of solid particles at
a specific high velocity, such as points Band C, causes an
increase in pressure drop with an increase in solids loading
rate.
However, the similarity ends as the flow velocity is
d~creased to its minimum pressure loss value. In horizontal
transport, this point would indicate the onset of saltation.
But in vertical conveying, no flow discontinuity occurs. This
point, shown as point D in Figure (2-3), corresponds to a
situation in which the loss due to the gravitational static
head begins to exceed the frictional losses. Below this
velocity, the pressure drop increases with decreasing flow
speed, until an absolute minimum velocity is reached. At this
point, the fluid can no longer support the flow of solids and
the suspension collapses, creating a slug flow regime. The
onset of this condition corresponds to a flow speed known as
the choking velocity. In Figure (2-3), the loading ratio at
point E is the saturation transport capacity of the flow at
15
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It has been shown that for both horizontal and vertical
transport, the relationship between pressure drpp and flow
velocity contains a point where the pressure loss is
minimized. Although this point is more distinct in horizontal
flow due to the resultant discontinuity, in both cases it
indicates the onset of a moving bed of solids rather than a
suspension of entrained particles. Klinzing [3] recommends
that this minimum pressure drop point be used as the dividing
point between dense-phase and dilute-phase pneumatic
transport. Accordingly, for this thesis, the term dilute-
phase transport will correspond to flow conditions in which
the pressure drop per unit length in a pipeline increases as
the superficial fluid velocity increases. In Figures (2-1)
and (2-3), the region to the right of point D is dilute flow
at the solids loading rate of WI.
2.1.2 Effect of Particles Upon the Flow
In dilute-phase transport, many of the flow ql\alities,
-------and quant.-i-t.ies-,depend-upon-.the physical characteristics of
the solid particles which are conveyed. One of the most
common parameters used to quantify the effect of the solid
particle presence is the particle terminal velocity, a measure
of the maximum speed a solid particle 'will attain if allowed
to free-fall in an infinite section of the conveying fluid,
which is at rest. Several correlations have been pUblished
for this velocity and a unified approach was presented by Zenz
17
.& othmer [1-] as
(2-2 )
In addition to the gravitational force which acts upon
the particles, there are also collisional forces present. The
moving particles possess a momentum which is greater than that
of the air they displace, allowing them to leave the main flow
and cqllide with the pipe wall.
The particle Reynolds number, Rep' is the parameter which
describes the region of flow around the solid particles.
Thus, it is useful in predicting the overall behavior of the
two-phase flow. Yang [5] presents the following expression
for this parameter:
(2 -3)
Several factors, which will be presented later in this
Section, cause the particle velocity to differ from the actual
air velocity. The particle Reynolds number represents the
magnitUde of this difference at a given set of flow
conditions. When there are small differences between the two
velocities, Rep is low ( > 2 ), and a flow regime develops
which is usually present in the dilute-phase transport of very
small partiCles, on the order of less than 1 micron [6].
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For intermediate 'Rep values, on the order of 2 to 500,
the flow around the particle remains laminar, but wakes form
behind the moving particle. These wakes represent an inherent
energy loss which affects the pressure drop experienced by the
flow. The pneumatic transport of pUlverized coal in electric
power plants usually occurs within this flow regime [6J.
Occasionally in pUlverized coal transport, Rep will
approach, or even surpass, a value of 500. This value
signifies a flow pattern in which the particle begins to shed
wakes as vortices. Although the vortices are dampened by the
air viscosity, their presence increases the system's losses.
One of the factors affecting the particle Reynolds number
is the shape of the solid particles. Generally, the particles
are assumed to be spherical and the particle diameter is
assumed to be their average value. However, pulverized coal
tends to depart from spherical in its shape. These irregular
(non-spherical) shapes provide a greater area for fluid shear
stresses to manifest themselves and also contribute to the
particle I s rotational motion. If the rotation becomes
appreciable, it creates a lift force (the Magnus force) which
acts upon the particle [7J. Quantitatively, the irregular
shape is expected to increase the drag coefficient above that
of an equivalently sized spherical particle.
2.1.3 Difference Between Gas and Particle Velocities
As mentioned earlier, the actual gas velocity differs
19
from the particle velocity.
velocity is:
By definition, the actual gas-
Uf = Uj{ (2-4)
where the voidage fraction is a measure of how much of the
total flow volume is occupied by the conveying fluid. If the
solid particles were moving in an infinite flow field in the
absence of gravity, they would eventually reach an equilibrium
velocity equal to that of the conveying gas. But in
actuality, the flow field is confined by the pipeline walls
and the particles collide with it. Due to these inelastic
collisions, the particles lose some of their kinetic energy.
In addition, gravity forces act upon the particle, along with
~
the possibility for Magnus forces and wake-induced turbulence
diffusion forces. Thus, the particle motion is continuously
being retarded due to the cycle of frictional collisions and
subsequent reacceleration into the flow.
2.1.4 Gas-Solid Flow Through Pipe Bends
In the flow of clean air, a pipe bend creates complicated
flow patterns. The air near the center of the pipe has the
highest velocity and experiences a higher centrifugal force
than the fluid closer to the walls of the pipeline. This
creates a secondary flow, shown in Figure (2-4), in the plane
perpendicular to the pipe axis. The addition of solid
20
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Figure (2-4) Schematic of a secondary flow pattern created
by air flow through a pipe bend.
particles to this flow regime creates additional losses for
the system due to the momentum lost by the particles as they
collide with the pipe walls, and the energy required to
reaccelerate them.
The flow of particles through a bend may be achieved in
several modes. In the first, the particles follow the gas
streamlines until they collide with the bend wall, losing all
of their momentum. They are then re-entrained into the flow
where they are accelerated back to their steady velocity.
This mode is shown schematically in Figure (2-5). The second
possible mode of travel is that some particles impinge upon
the pipe wall and then slide around the outside of the bend,
without losing all of their~momentum. However, other
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Figure (2-S) Particles may travel a variety of flow
paths through a pipe bend.
particles never become displaced from the gas stream and
simply follow the stream as it traverses the bend. Due to the
secondary flow created by the air flow through the bend and
the numerous forces acting upon the particles, it is probable
that pneumatic flow through a bend is actually a combination
of both of these modes of transport.
2.2 Overview of Gas-Solid Flow Research
Pneumatic transport research has not yet developed a
precise, well-founded, scientific theory to encompass all
modes of gas-solid flow. Rather, a variety of empirical
correlations have been developed to correspond to certain
experimental conditions. Obviously, this imposes limits upon
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their range of applicability. Furthermore, discrepancies
exist among the data of various researchers.
Perhaps the single most complicating factor hindering the
growth of a unified pneumatic ,model is the difficUlty
encountered in measuring flow properties such as particle
velocity. The variety of methods used by researchers,
combined with differing flow paramet:ers, has resulted in
numerous mathematical expressions for the particle velocity,
yielding diverse results.
Similarly, the friction factor related to the flow of
solid particles has been investigated with a variety of
results. Due to its inherent dependence upon the particle
velocity, the mathematical expressions developed by various
researchers differ in their results and range of application.
ThUS, the design and analysis of pneumatic transport
systems has remained an art form, relying upon limited
scientific information. This section of the paper provides an
overview of the research work which has been performed with
the goal of scientifically developing a practical and useful
engineering model. As the most readily measurable and
identifiable flow variable is the pressure drop, only research
studies which sought to relate gas-solids transport to
pressure drop were investigated in this thesis. The total
pipeline pressure drop has been typically expressed as
(2-5 )
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where ~PACCN is caused by the energy lost in accelerating the
gas and the solid particles to their fully-developed
velocities. Figure (2-6) diagrams the additional effect of
acceleration losses upon the pressure drop per unit length, as
measured experimentally for a given piece of straight
pipeline. ~PSTAT develops from supporting the w~ights of the
solids and the gas in vertical transport, and ~PFRIC results
from the frictional flow resistance experienced by both the
gas and the particles. The following investigations attempt
to develop expressions for 8 PToT in terms of relevant flow
properties.
2.3 Early Research in Horizontal and Vertical Transport
2.3.1 Vogt & White (1948)
Perhaps the earliest documented attempt to formulate a
numerical model for gas-solid flow was performed by Vogt &
White [8] in 1948. Aware of the lack of quantitative,
practical information regarding pneumatic transport, they
utilized an experimen~al facility composed of 0.5 inch
diameter iron piping in a circuit of horizontal and vertical
pipes. Water manometers connected to pressure taps in the
piping were used to record data. The materials used were
sand, steel shot, clover seed, and wheat, with mean particle
diameters ranging from 0.008 to 0.158 inches.
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wh~n the pressure drop per unit length becomes
constant.
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2.3.2 Hairu & Molstad (1949)
Due to the absence of a. method for estimating the
26
.....
pressure drop due to solids static head and solids friction
pressure drop, Hairu &Molstad [9] performed experiments upon
a system composed of 0.267 and 0.532 inch diameter glass
tUbing in which air transported sand and alumina-silica
particles. In addition, they paired their data with a
theoretical analysis which utilized a dispersed-solids-density
and an expression for pressure drop which included the
following assumption. To account for friction losses arising
from the presence of solid particles, a Fanning friction
factor was employed, in the same way in which it is used to
quantify frictional losses due to gas flow alone.
Additionally, the analysis was concerned only with flows which
were fully accelerated, allowing the associated pressure drop
term to be neglected.
However, due to the presence of an acceleration pressure
drop over an unexpectedly large distance along the test
section, Hairu &Molstad were unable to accurately measure the
solids frcition loss. utilizing their theoretical
derivations, they were able to predict only the order of
magnitude of the solids friction factor. Realizing the
obvious limitcttions of their work, they concluded that to
extend the state-of-knowledge in pneumatic transport further,
experiments needed to be performed to isolate the effects of
the multitude of phenomena occurring.
2.3.3 Wen« Simons (1959)
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Horizontal transport was experimentally investigated by
Wen & Simons [2] in 1959. Although they utilized conditions
which were applicable only to dense-phase flow, this work
produced important insight into saltation in horizontal
pipelines.
2.3.4 Barth (1962)
The pneumatic transport of coal in electric power plants
was examined by Barth [10] in 1962. Barth recognized that the
behavior of the mixture of air and coal is fundamentally
different from that of a homogeneous fluid medium, as it had
previously been treated by other researchers. utilizing
similarity conditions for the mixture of gas and solid
particles in his analysis, Barth proposed a number of
requirements which must be fulfilled. Specifically, he
mentions the loading ratio of weight of transported material
to weight of air, the Froude number l , and the Reynolds number
for flows in the absence of any solid material.
In developing an expression for pressure drop, Barth
proposed that the pressure loss of a gas-solid flow consists
of two terms: a pressure loss for pure gas flow and an
additional loss to account for the presence of solid
particles. These two variables are presented in the form of
two simple equations as functions of flow specific
1 The Froude number is the ratio of inertial forces to
gravitational forces acting upon the flow.
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coefficients. For air flow alone, the pressure drop is easily
calculated via the familiar Fanning equation of fluid
mechanics
2~p = f Pc V
2
with f being the flow friction factor.
(2-6 )
However, the
coefficient for the solids pressure drop is presented in
graphical format as a function of the Froude number and is
based upon experimental data which were not included in the
paper.
Barth also recognized the contribution of static head to
the total pressure drop and presented a simple expression for
its determination. Experimental data, which were not included
in the paper, were employed to develop a coefficient
representing the pressure loss due to particle acceleration.
The experiments, whose procedure was not given, were also
coupled with a thorough theoretical explanation of gas-solid
flow through pipe bends and branches.
2.3.5 Jones, Braun, Daubert, and Allendorf (1967)
The estimation of the pressure drop in vertical transport
was next investigated by Jones, Braun, Daubert, and Allendorf
[11]. They sought to develop a vertical pressure drop
expression which would be ~=pendent only upon easily
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determined physical properties. Following a common procedure,
they separated the total pressure drop into acceleration,
static head, and friction terms, where each has a constituent
due to the gas and another due to the solid particles.
Using test sections composed of 0.305, 0.402, and 0.870 inch
diameter steel tUbes, the air-transport of a variety of
particles, with varying diameters, was investigated. since
the measured pressure drops between equally spaced pairs of
pressure taps along the test section were almost always equal,
the flow in the section was considered to be fully
accelerated. Thus, the pressure drop due to acceleration was
sUbsequently neglected in the data analysis.
The experimental data were used to develop an expression
for the solids friction factor, since all other contributions
could be easily determined (static head and gas friction
factor were presented as explicit equations). However, the
resultant correlation was unable to be verified accurately
with any data accept that from which it was derived. In
-------------
addition, the method of determination of the particle
velocity, necessary for the static head and acceleration
equations, is not explained. In conclusion, Jones et. ale
recommended that a comparison with more complete data be
performed to properly validate their correlations.
2.3.6 Konno & saito (1969)
.
Konno & saito [12] performed experiments upon both
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horizontal and vertical glass pipes of 26.5 and 46.8 mm
diameters. They observed two types of flow: one in which the
flow was relatively parallel to the pipe axis and the other in
which a random flow caused the particles to violently collide
with the pipe wall. These two types of flow produced large
differences in pressure drop measurements. Due to the
difficulty of reproducing the experimental conditions of the
random flow, they limited their investigation to only data
which were recorded during parallel flow.
The total pipeline pressure drop was divided into its
individual components, and the contribution due to static head
was neglected during horizontal transport. Particle velocity
was expressed as the difference between the gas velocity and
the terminal velocity of a single particle
(2-7)
where Ut is as defined in Equation (2-2). In addition to their
development of a pressure drop correlation for fully
accelerated flow, Konno & saito also presented their findings
on air velocity profiles through the use of pitot probes. For
vertical transport, the air velocity profile was the same as
that of pure air flow. However, for horizontal transport,
there existed an asymmetrical profile with respect to the pipe
axis and it was found to depend upon the particle diameter,
density, and mass loading.
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During the vertical transport experiments, observations
were made of particle concentrations which were higher near
the pipe wall when the particles were made of copper or glass.
However, polystyrene particles tended to be in higher
concentrations near the pipe axis. Although the cause of this
difference was not explained, it was proven that higher
particle concentrations yield more uniform distributions, and
the most important parameter affecting their dispersion is the
mass loading. Additionally, .it was noticed that there was an
additional pressure drop in horizontal pipelines beyond that
of vertical transport under similar conditions. They
postulated that this phenomena could be attributed to the
collisions between particles and the surface of the pipe wall.
2.4 Recent Advances in Horizontal and vertical Transport
2.4.1 Rose & Duckworth (1969)
One of the most widely referenced research works is that
of Rose & Duckworth [13]. Their method paired experimental
data with a dimensional analysis derived from first
principles. Experimental copper pipelines of 1.26 inch
diameter were constructed to allow for the simulation of both
gas-solid and liquid-solid transport. The following
information will pertain to their findings on gas-solid
transport.
The principle of conservation of momentum was employed to
develop a series of non-dimensional equations. Specifically,
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the forces a volume element of flow experiences due to
pressure, gravity and friction are summed and set equal to the
net efflux of momentum, which arises from the motion of the
gas and the particles:
where C3Fp Force due to pressure drop
C3Fg Gravitational force
SF f Frictional force due to
shear stress at pipe wall
Ma Mass of fluid in volume element
Ms Mass of solids in volume element
SVa Velocity of fluid in element
C3vs Velocity of solids in element
(2-8 )
This formulation can be rearranged to produce the familiar
relationship of the flow pressure drop being equal to the
effects. Dimensional analysis is then performed for both
accelerating and fully established flow. For establ ished
flow, the pressure drop is dependent upon the usual parameters
of velocity, density, loading, and diameter as well as a
dimensionless friction coefficient Am •
Am = ~'~ - 2( ~~)sine[ 1+ M'(~)( 1- ~:)]
2 D
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(2-9 )
with Total pressure drop in the-
fully-accelerated region
V Gas velocity
Vs Solids velocity
Ps Particle solid density
M* Mass loading ratio
e Pipe inclination above horizontal
The coefficient is the sum of the friction coefficient due to
gas flow, Af and the coefficient due to the presence of solid
particles, As .The solids friction coefficient is a function
of 13 flow variables and parameters which are represented by
10 dimensionless groups which depend upon empirical
correlation.
where Coefficient of restitution for
particle collisions
k Pipe roughness coefficient
Z Particle shape factor
~ Parameter for particle size
distribution
Obviously, the determination of such a variable depends upon
accurate, flow-specific experimental data.
For accelerating flow, the pressure drop is represented
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as a function of 8 dimensionless groups, which again hinge
upon empirical correlation. similar groups were also
developed to determine the solids velocity and length of
pipeline needed to fully accelerate the particles.
The analysis of experimental data was then combined with
the dimensionless groups to produce the following results.
Holding the parameters of kid, Z, and p constant, it was
determined that the aqceleration length is independent of the
pipeline inclination and can be estimated by the following
expression:
(L) [( M J (D )0.5 (p J]~-A -6 s x - x_sD - Pr gO.5 D2.5 d Pr ( 2-11)
where the parentheses do not indicate dimensional analysis but
are used for mathematical clarity. Similarly, the
acceleration pressure drop was reduced to a usable equation
with the inclusion of two graphed functions of dimensionless
variables: and qts Thus, the expression for the
acceleration pressure drop becomes:
(2-12)
with 'P4 and qt5 provided by graphs produced by Rose &
Duckworth.
35
When this technique is applied to determining the solid
fictional coefficient, six graphical functions are developed
to quantify the influence of the effective dimensionless'
groups. However, size distribution and non-sphericity effects
were not examined and the effect of pipe roughness was assumed
to be adequately accounted for in the gas friction
coefficient. Thus, to determine the pressure drop which
occurs in fully accelerated flow, the numerical values for the
six functions are determined from their graphs and summed to
provide the friction coefficient needed in Equation (2-9).
In summary, the application of the Rose & Duckworth
method requires a knowledge of the following information:
1. The gas friction coefficient
2. The dimensionless functions of the flow
parameters, which depend upon flow specific
information
3. The solids velocity which can be obtained via
several dimensionless functions and a derived
equation
This information then allows the total pipeline pressure drop
to be determined from the equation
(2-13)
whereapm is as described in Equation (2-9), aPA,s is given in
Equation (2-12) and the final term on the right-hand side of
Equation (2-13) accounts for the loss due to fluid
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acceleration.
2.4.2 Capes & Nakamura (1973)
Extensive experimental work was performed by Capes &
Nakamura [14] and the resultant data have been utilized in
many subsequent research efforts. Using 3 inch diameter
plexiglass tUbing, they studied the vertical flow of a variety
of particle materials and sizes. In addition, they presented
a slightly modified (using their data) form of the particle
friction factor which was originally proposed by Konno & saito
[12].
An analysis of their data revealed that the assumption of
the particle velocity equaling the difference of the fluid
velocity and the terminal velocity of a single particle (see
Eq. (2-7)) is incorrect, and the increased "slip" velocity is
due to particle-wall friction and, at lower gas velocities,
particle recirculation effects. Although an expression for
the flow pressure drop was not presented, Capes & Nakamura
provided profiles of pressure drop versus pipe distance for a
variety of flow conditions. Their success in isolating
particle acceleration effects allowed them to determine that
the correlation developed by Rose & Duckworth for the
acceleration length consistently overestimated the actual
acceleration zone.
2.4.3 Khan & Pei
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In attempt to decipher the differences among the various
vertical transport pressure drop data and correlations
published at the time, Khan & Pei [15] presented an analysis
of the various equations and performed experimental work to
develop their own expression. They proposed that the pressure
drop in vertical transport depends upon seven distinct
parameters:
1. Mass loading ratio of solids to gas
2. Density ratio of solid to gas
(the buoyancy effect)
3. Diameter ratio of particle to pipe
4. Reynolds number
5. Froude number
6. Ratio of drag coefficient of solids to pipe
friction factor CD/f(A)
7. Shape factor of the solids used $
These parameters were used in a: dimensional analysis to
produce the following correlation for pressure drop:
(2-14)
In comparison with other researchers' data and
correlations, this expression was found to predict
experimentally observed pressure drops more consistently than
any of the others. However, no information was provided
concerning the acceleration length or its associated pressure
drop.
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2.4.4 Michaelides (1987)
Aside from the works pUblished by Yang [5,16-19], which
will be discussed in Chapter 3, the next advances in the field
of pneumatic transport and pressure drop correlations were
presented in 1987 by Michaelides [20]. He developed a highly
mathematical dynamic model of particle motion and combined it
with a "single-fluid" assumption concerning the pneumatic
flow. However, the resultant expression for pipeline pressure
drop is based upon a ratio of the pressure drop due to the
solid particles to the pressure drop due to the gas flow.
This representation does not identify the effects of
acceleration and static head upon the pressure drop, nor does
it provide a straight-forward description of the solid
particle velocity expression. Rather, the derivations are
based upon a parameter which represents the time between
particle collisions.
2.4.5 Michaelides & Roy (1987)
In that sa~e year, Michaelides & Roy [21] published a
comparison and evaluation of the various correlations for
pneumatic transport which were currently available.
Specifically, they pooled together the published experimental
data and developed a large data bank with which to compare the
various expressions, including that of Michaelides [7].
However, rather than interpret the variations in each of the
pressure drop relations, they decided to compare resultant
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friction factors. Thus, variations in acceleration length,
particle velocity, and static head were not examined.
The correlation put forth by Michaelides [7J, which was
derived using most of the information in the data bank, was
recommended as the best choice in evaluating gas-solid
transport. In addition, Michaelides & Roy stated that the
work of Rose & Duckworth [13] is considered to be acceptable
for the prediction of the general pressure drop.
2.5 Research on Pneumatic Transport through Pipe Bends
In contrast to the amount of work performed on the area
of vertical pneumatic transport, gas-solid flow through pipe
bends has received very little attention, despite the fact
that almost all pipelines experience bends along their flow
path. Much of the early design procedures for pneumatic
conveying systems relied upon using an equivalent length of
straight pipe to account for the bend, in exactly the same
manner used for single-phase flow. Other systems simply
relied upon the experience of past designs to guide the
installation of new systems.
2.5.1 Schuchart (1968)
The first attempt at an experimental scientific study of
the pressure drop reSUlting from pipe bends was Schuchart [22]
in 1968. utilizing quartz beads and granular polyamide
plastic, he experimented with bend diameter-to-pipe diameter
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ratios ranging from 3 . 5 to. 21. 5 . Analysis of his data
provided an expression for the pressure drop experienced by a
flow through a bend:
where Pressure drop in bend
Pressure drop in pipe
of equivalent length
(2-15)
Db Diameter of bend curvature
Dt Pipe diameter
This equation states that the total pressure loss due to the
bend is inversely proportional to the radius of curvature. In
addition, he provided an expression for the pressure drop
encountered in the equivalent straight section of pipe, which
depends upon numerous experimentally determined constants.
Schuchart also warned of the correlations' limitations for
very fine particle sizes and recommended that experimental
work be performed to determine the exact effect of particle
size.
2.5.2 Rose & Duckworth (1969)
Rose & Duckworth [13] proposed the idea that the majority
of the energy loss experienced by the flow in a bend is due to
re-accelerating the particles which collide with the pipe
wall. Thus, they recommended using their acceleration
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pressure drop expression along with their equation for
acceleration length to calculate the pressure drop due to pipe
bends. However, they predicted that this will overestimate
,
the actual loss since it assumes that all of the solid
particles collide with the wall of the bend and come to rest,
requiring a complete re-acceleration to the steady state
velocity.
2.5.3 Mason & smith (1971)
Fine powder-sized particles were experimentally studied
by Mason & Smith [23] in a system composed of 1, 2, and 3 inch
dia~eter pipes with a 90 degree bend. The single ratio of
bend diameter-to-pipe diameter used was 20. Their data were
analyzed to produce a bend particle resistance coefficient
which is a function only of the mass loading
* *2
'l'bp =0.027m -0.0025m (2-16 )
This coefficient was combined with the factor arising from the
flow of air, which is a nearly constant value of 0.025, to
produce the following expressions for the total bend
resistance number and the resultant pressure drop:
* *2
'l'bt = 0.025 + 0.027m - O.0025m
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2~p = llf Pr Vr
b 't'bt 2 (2-18)
The use of this one expression to quantify the flow
through the bend renders it something of a "black-box". In
addition, an analysis of the flow data reveal that this
correlation does not properly account for the subsequent
downstream acceleration effects of the bend upon the flow.
Ratheri this equation only accounts for the fraction of the
total re-acceleration pressure drop which occurs within the
actual bend.
2.5.4 Klinzing (1980)
In 1980, Klinzing [24] pUblished a comparison of the
pressure losses in bends between the recorded data and the
sUbsequent correlations for gas-solid flow. citing the
complex phenomena occurring in pipe bend flow, Klinzing termed
variations between calculated and experimental values of 50%
as being reasonable. He concluded that the model put forth by
Schuchart was best suited to predict the pressure drop
experienced by a two-phase flow. In addition, he speculated
that the overprediction of data by several of the other
correlations may be due to the possible occurrence of drag-
reduction by the presence of the particles.
2.5.5 Michaelides (1987)
The various limitations of the existing correlations for
43
pressure drop in bends were examined by Michaelides [20] in an
attempt to utilize all of the existing data and information to
develop a more accurate and complete expression. A discussion
of this work and its resultant equation for pressure loss will
be deferred until Chapter 3.
2.6 Summary of Gas-Solid Research
The variety of work performed in the field of pneumatic
transport has yet to produce an accurate, applicable method
for predicting the behavior of gas-solid systems. Differences
among recorded data have led to varying empirical
correlations. In addition, the laboratory apparatus employed
rarely mimics that used in industrial applications, further
hindering the usability of empirical correlations. However,
selected research works have been assembled into several
handbooks for the design and operation of gas-solid transport
systems.
Zenz & Othmer [1] recommended the correlations developed
by the extensive experimental work of Hinkle [25], the premier
data source at the time. However, the numerous works
pUblished since then have revealed inconsistencies in Hinkle's
methods.
More recently, Soo [26], in The Handbook of Multiphase
Systems, chose to develop a hybrid formula for pressure loss
based upon the data and correlations of Rose & Duckworth [13]
and the work of Dogin & Lebedev [27]. His derivation centered
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upon calculating a friction factor which would account for the
flow of both the gas and solid. However, the presence of
acceleration effects is not mentioned, and the accuracy of the
final expression is not demonstrated.
In summary, the manuals available for pneumatic transport
are limiting both in their scope of analysis and range of
applicability. In addition, the published correlations for
pressure loss which were described in this chapter suffer from
the following drawbacks:
The acceleration length expression derived by
Rose & Duckworth, though widely utilized, has
been proven to overestimate its actual value.
Pressure loss expressions which are in the
form of a ratio of the mixture loss to the loss
for air alone, as in Khan & Pei [15], conceal
the effect of static head upon the flow.
Some parameters rely upon the accuracy of
information which is not readily available,
such as the coefficient of restitution for
particle collisions.
The development and use of certain factors, such
as the particle drag coefficient, is unclear.
The methods described in Chapter 3 attempt to account for the
drawbacks listed above and provide an accurate method for
predicting the performance of pneumatic transport systems.
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3. SELECTED PRESSURE DROP CORRELATIONS
3.1 Vertical and Horizontal Transport
All of the research work discussed in Chapter 2 possesses
limitations that limit its value in the analysis of the
pUlverized coal flow in an electric power plant.
Specifically, none of the authors cited provide all of the
necessary information needed to accurately use their
equations. For example, parameters such as the particle drag
coefficient are needed for the calculations, but information
on their derivation is not provided. Due to the absence of a
ul\ified calculation procedure for the pressure loss, the works
described in Chapter 2 will not be utilized in this thesis,
deferring instead to the method which will now be discussed.
Recognizing the absence of a complete approach to
analyzing dilute-phase pneumatic transport systems, Yang [5]
presented a unified theory in 1976. He sought to develop a
correlation between known operating conditions (the
independent variables) and the resultant behavior (the
dependent variables). Specifically, the independent variables
are:
Type of particles which are conveyed, and
their properties: size, shape, density,
and roughness.
Solids loading (or, conveying) rate.
Properties of the conveying fluid such as
density and viscosity at the operating
conditions.
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Fluid conveying velocity.
Pipe geometry and material.
similarly, the dependent variables are the phenomena which
result from a set of independent variables:
Pressure drop in transport line.
Acceleration length and pressure drop.
Particle velocity and potential choking in
vertical lines or saltation in horizontal
lines.
Based upon this distinction, Yang performed a detailed
derivation to account for each of the independent variables in
a form which allows the dependent variables to be calculated.
3.1.1 Solid Particle Velocity and Solid Friction Factor
In developing an expression for the particle velocity,
Yang utilized a force balance on a differential section of
pipe length, dL. He then paired this with the mass continuity
equation to account for the total amount of material flowing
through this section. Assuming spherical particles, the total
number of particles present in the section dL is
Thus, the voidage coefficient, which is
(3-1)
the ratio of the
\
volume of pure fluid to the total volume in section dL, is
given by
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(3-2)
since both of the above equations rely upon the particle
velocity, an expression for it was next presented. The net
force in an acceleration region acting upon particles in a
given section dL is equal to the product of the mass of the
particles and their rate of acceleration. For vertical flow:
dUpdM - = dF - dF - dR vertical (3-3)
S dt d g f
and for horizontal flow:
dUdM -p = dF -dR
S dt d f Horizontal (3-4)
The difference between vertical and horizontal transport is
the additional effect of a gravitational static head upon
vertical flows. But beyond this acceleration zone, the
\
particles travel at a relatively constant velocity and the
dUp/dt term in Eqs. (3-3) and (3-4) becomes equal to zero.
Thus, for fully accelerated vertical flow:
vertical (3-5)
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and fully accelerated horizontal flow:
Horizontal (3-6)
within this fully accelerated region, the total drag force
upon the number of particles dN is simply the sum of the drag
force exerted upon each particle:
(3-7)
with Dc as def ined by Eq. (1-4). The term of e- 4 • 7 serves as
a dense-phase correction factor for the single particle drag
coefficient, CDS' which is correlated for relatively dense
mixtures as:
~ 24 3.6
CDS = - + 0.313
Rep Rep
(3 -8)
The particle Reynolds number used above is the same as
described in Eq. (1-3).
Similarly, the gravitational force equation becomes:
/ dF = g X dMg s _ (3 -9)
In order to quantify the effect of solid friction, the
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Fanning equation for fluid flow is utilized in conjunction
with a particle friction factor to produce:
f U2
dF =-E........P.M
r 2D s (3-10)
The force balance developed in Eqs. (3-5) and (3-6) can
now be written in terms of Eqs. (3-7), (3-9), and (3-10) to
provide expressions for the particle velocity in vertical
vertical (3-11)
and horizontal transport
Horizontal (3-12)
These expressions are very similar to Eq. (2-3), having
modified the equation for the terminal velocity of a single
particle moving in an infinite fluid (Eg. (1-2)).
The expressions developed rely upon a particle friction
factor, f p • Initially, Yang [18] presented correlations for
both horizontal and vertical flow which were based upon a
correlation of the experimental data which had been published
as of that t,ime (1973). The vertical correlation was a
function of the voidage coefficient, the particle Reynolds
number, and the terminal Reynolds number, defined as
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(3-13)
However, the horizontal expression also depended upon the
actual gas velocity and the pipe diameter. This dependence is
due to the radial distribution of particles (arising from
gravity force) which tends to occur in horizontal transport.
Prior to the onset of saltation, solid particles may slide, or
even roll, along the bottom of the pipe. Determining whether
this occurs, or if the particles ricochet off of the pipe
walls, or are simply conveyed in a uniform suspension depends
upon the particle material properties, the conveying velocity
of the gas, the fluid's properties, and the pipe diameter.
utilizing additional data, Yang [19] developed more
accurate empirical coefficients for the vertical friction
factor expression and he proposed the following correlations
for vertical
vertical (3-14)
and horizontal flow
f -_ 0.117 (1- E) [(1- f') Ret _Ur ]-1.15Co Horizontal (3-15)
p £3 Rep ~gD
Examination of the expressions for particle velocity and
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friction factor reveal an interdependence of variables such as
the voidage factor and the particle drag coefficient which
demands an iterative solution procedure. In comparison with
the range of values represented by the available data for
particle velocity, the performance of the velocity equations
to within ± 30% is considered to be of good engineering
accuracy. Figures (3-1) and (3-2) plot comparisons between
experimental and predicted particle velocities, based upon the
data of several researchers. In reference to the criterion
mentioned above, the ability of the equations to predict the
velocity to within 30% is achieved.
3.1.2 Estimation of the Particle Acceleration Length
The derivation of the expression for the acceleration
length hinges upon the relation:
(3-16)
This relation is paired with Eqs. (3-7), (3-9), and (3-10) to
produce the following expressions for vertical flow:
vertical (3-17)
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and for horizontal flow:
Horizontal (3-18)
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The lower limit of integration, up" is obtained from
Eq. (3-2) with an assumed voidage of 0.65, which pertains to
packed bed flow. The upper limit: of integration, Up2 ' is
simply the value for the steady-state particle velocity
obtained from Eqs. (3-11) and (3-12). To solve this integral,
a uniform particle velocity profile is assumed and a standard
numerical integration scheme is utilized.
3.1.3 Pressure Drop Equations
Following the standard practice of separating the total
pipeline pressure loss into its components (see Eq. (2-1))
Yang [5] developed expressions for the pressure drop due to
acceleration, friction and static head. within these
equations, the term Le is the effective steady-state length,
defined as:
L =L -L
c A (3-19)
If the acceleration length is greater than the pipe length,
the effective length becomes zero.
The pressure loss which arises from the effects of static
head is expressed as:
i1Ps = p g(1 - E) Lp e (3-20)
During horizontal transport, this pressure drop value is zero.
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Frictional losses can be separated into two terms: one
due to the·flowing fluid and the other due to. the effect of
solid particles.
(3-21)
The Fanning equation is utilized to determine the frictional
effects of the fluid flow alone.
form:
Yang presents it in the
2f Pf U;~p = g L
Fg D e (3-22)
where the friction coefficient f g is a function of the
Reynolds number and the pipe material. This value can be
obtained from a source such as the Moody diagram, commonly
found in fluid mechanics textbooks such as Fox & McDonald
[28] •
The expression for particle frictional losses is similar
to Eq. (3-22), but it includes the voidage effect. Based upon
the particle velocity obtained from Eqs. (3-11) or (3-12), the
friction equation for both vertical and horizontal transport
is:
2f P (1-E)U2
~p = s P P L
Fs D e
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(3-23)
For this equation, f p= 4fs • Eqs. (3-14) and (3-15) provide
the friction coefficients for the solid particles.
within the acceleration region, the acceleration pressure
drop is itself composed of several factors,
The four components are expressed as follows:
(3-24)
1
R1 =JPp(1- e) gdl (3-25 )
0
1 2f U 2
R =J gP f f dl (3-26)
2 D
0
~:7
ff P (1-E)U2R = p P P dl (3-27)
3 2D
0
R4 =[p (1-e)U2 ]P P @l (3-28)
The upper limit of integration for these equations is the
acceleration length, calculated from Eq. (3-17) or (3-18).
The static head is represented by Eq. (3-25), which drops to
zero for horizontal transport. Using a numerical integration
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technique, the acceleration pressure drop can be determined
via the sum of its components.
Thus, the total pressure drop experienced by the flow as
it travels through a pipeline is determined by the summation
of Eqs. (3-20), (3-22), (3-23), and (3-24). Comparisons of
this completed model with experimental data reveal an accuracy
to within ± 30 to 35%. This range is considered to represent
a good correlation due to the wide scatter among the
experimental data utilized. Figure (3-3) shows the
experimental glass bead data of Jones, et. al., plotted against
the values predict~d by Yang's model. The 30% criterion is
achieved for both the particle velocity and the pressure drop.
In Figure (3-4) the data for alumina particles are presented
and Yang's calculations are consistently lower than the
experimental values by more than 35%, exceeding the bounds of
"good engineering accuracy." However, the model does achieve
better than 30% accuracy in predicting the behavior of the
flow of zircon silica and steel shot, as shown in Figures (3-
5) and (3 - 6) .
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3.2 Gas-Solid Flow Through Pipe Bends
The,most comprehensive work done to develop an expression
for the pressure drop encountered in a pipe bend was performed
in 1987 by Michaelides [20]. A system of 4.026 inch diameter
piping was used to record data for several bend diameters at
various levels of solids loading and air velocity.
A sample of the data recorded is shown in Figure (3-7),
where a relative distance value of 0.00 feet corresponds to a
point in the flow section where the solids have been fully
accelerated to their steady-state velocity. Each of the data
points corresponds to a pressure tap located along the
pipelines upstream and downstream of the bend. The plot
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Figu~e (3-7) Experimental bend pressure gradient data of
Michaelides, with designated nomencalture.
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clearly reveals the downstream re-acceleration effects of the
bend upon the flow, which were neglected in the Mason & smith
[23] analysis. Thus the total contribution of the bend to the
pressure loss experienced is given by APb in Figure (3-7).
In addition, the straight-line gradients upstream and
downstream of the bend indicate that the solids were
completely accelerated, as defined in Figure (2-5).
The analysis of the data revealed that the total pressure
drop caused by the bend is best represented as the sum of the
contribution due to the air flow and that due to the presence
of solid particles:
(3-29)
This equation can better be examined in the dimensionless form
of:
~p
y =~=y +y
B,T P U2 B,a B,s
_f_o
2
(3-30)
The variables used in Eqs. (3-29) and (3-30), along with those
that follow, are defined in the Nomenclature section of this
paper.
The two loss coefficients were derived from experimental
data:
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[ ( )
-1.219] ( )0.840
'YB,a=O.167 1+17.06~ : . x(RerO.17 X :
.1.293
5.4m
'Y = ------:~
B,' FrO.84 ( ; r39
(3-31)
(3-32)
In these equations, both the Reynolds number and the Froude
number are calculated based upon the superficial air velocity,
UO ' and the pipe diameter, D.
The comparison of the experimental data with the derived
correlations is plotted in Figure (3-8), along with the data
and equations of Schuchart [22] and Morikawa, et. al. [29].
According to Michaelides, the complexity involved in measuring
gas-solid flow, the agreement between calculated and
experimental results is considered good, with the absolute
average deviation of the results reported to be 17%.
In addition, the resultant expression from the present
work was compared to the equations developed by Schuchart,
Morikawa, and Mason & Smith at a given operating condition, as
shown in Figure (3-9). The Morikawa expression clearly
overpredicts the other equations, due to the fact that it is
only accurate over a limited range of Froude numbers, which
are not encountered for these experimental conditions.
Schuchart's correlation matched that of the present study
well, but the Mason & Smith equation produced very low values.
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Figure (3-8) Comparison of the Michaelides' solids pressur~
drop coefficient with those of Schchart and
Morikawa.
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This underprediction is due to the derivation of the Mason &
smith expression from data obtained at a single bend diameter,
which did not equal that used in the current experiments. The
recommendation of Schuchart's expression in 1980 by Klinzing
[24], which preceded the development of the Michaelides
correlation, would also indicate an endorsement of Eq. (3-30)
due to the similarities displayed in Figure (3-9).
Based upon the expressions derived by Michaelides,
pipelines with long radii bends will experience overall'lower
pressure drops than small ones. Combined with the superior
erosion performance of long radii bends reported in [30], this
work provides strong evidence for their use.
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4. BURNER BALANCING METHOD
4.1 Application of Pressure Drop Equations to a Pipeline
The expressions for pressure drop presented in Chapter 3
can be utilized to analyze the flow of pUlverized coal in
electric power plants by using the additive property of
pipeline pressure drop. For example, the flow through the
pipeline shown in Figure (4-1) will experience a pressure loss
as it travels from point A to point B, designated as ~PAB •
However, this total value can be expressed as the sum of the
pressure drops developed in each of the pipeline's sections.
This can be written as:
(4-1)
Each of the sectional pressure drops can then be subdivided
into their own contributing components, such as:
(4-2)
If the operating parameters of the flow are known, then these
individual pressure losses can be calculated using the
equations specified in Chapter 3. Specifically, sections 1
and 5 would be accounted for with Eqs. (3-11), (3-14), (3-20),
and (3-21). In addition, since section 1 represents the
entrance of the flow, Eqs. (3-17) and (3-24) would be used to
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Figure (4-1) Representation of a pipeline as the sum of
the individual pipe sections.
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determine the acceleration effects. And in similar fashion,
sections 2 and 4 would require the use of Eq. (3-32), and
section 4 would utilize Eqs. (3-12) '" (3-15), and (3-21).
4.2 Application to a simple Pipeline Distribution system
The procedure used in analyzing the flow in Figure (4-1)
can be extended to distribution systems in which a single pipe
flow is used to supply several others. Figure (4-2) diagrams
a simple flow division system in which the entering pneumatic
flow is divided into 2 separate flows through the use of a
solids riffler (shown previously in Figure (1-5». Thus, there
are two pipelines to be examined, each composed of numerous
distinct' piping sections, but which also share several
sections. To determine the pressure losses of the system,
each pipeline is considered separately and its associated
pressure drop is calculated via the same method used for
Figure (4-1).
Under the assumption that the riffler divides the flow
equally and each pipeline receives the same amount of air and
solids, pipeline 1 will be examined first. As shown in Figure
(4-2), this line is composed of 7 separate sections. Given
the system's operating information and flow parameters, the
pressure drop correlations of Chapter 3 can be used to
calculate the loss resulting from each of these sections, and
these individual pressure drops can be summed to yield the
total pressure drop for the whole pipeline.
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Figure (4-2) A pipe section is assigned two numbers (i,j) to
define its location in the system.
The pressure loss experienced in Pipeline 2 can then be
calculated in the same manner. since both pipelines share
sections (1,1) and (1,2), the losses developed in those
regions are identical. Thus, the pressure drop calculated for
section (1,1) is identical to that experienced in section
(2,1), and the calculation need only be performed once. As
shown in Figure (4-2), Pipeline 1 travels a shorter distance
b
than Pipeline 2 which results in
and solid flows equally divided) .
(with the air
In conclusion, given the operating conditions and flow
parameters, it has been shown that the behavior of a pipeline
flow distribution system can be numerically analyzed. The
contribution of the solids riffler to the system pressure loss
will be discussed in another section of this chapter.
4.2.1 Distribution of Coal in Electric Power Plants
The piping system utilized in electric power plants to
deliver coal to the furnace operates under specific boundary
conditions. since all of the pipelines which supply fuel to
a given furnace level originate at a common point (the
eXhauster) and terminate at a common point (the furnace
windboxes), they each must experience the same pressure loss.
However, the variations in the total lengths of the pipelines,
coupled with differing bend diameters, should produce larger
pressure drops in some pipelines than in others, as in the
situation described for Figure (4-2). The only way that the
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identical pressure drop boundary condition can be fulfilled is
if the gas-solid flow does not divide equally as it passes
through the coal riffler.
Referring again to Figure (4-2), if Pipelines 1 and 2 are
considered to terminate at furnace windboxes, then they will
experience identical pressure losses:
~Pl.T = Lil'2.T = ~Pi.T = [P,abs]@Exhs. - [P,abs]@Fumace (4-3)
since Pipeline 2 is longer than Pipeline 1, it presents a
greater resistance to the gas-solid flow. Thus, when the flow
passes from section (1,1) into the coal riffler, it "sees" an
easier path to· the furnace provided by Pipeline 1. This
results in a larger amount of coal being sent to Pipeline 1,
and a smaller amount being received by Pipeline 2, and the
ideal 50-50 division for balanced burners is not achieved.
Rather, the flow divides in such a way to equalize the
pressure losses experienced by the two pipelines. since gas-
solid flow pressure drop increases with an increase in solids
loading, the smaller pressure loss arising from the shorter
distance covered by Pipeline 1 will increase as it receives a
greater amount of coal than Pipeline 2. Similarly, the higher
pressure loss experienced by Pipeli~e 2 will decrease as the
amount of its solids loading decreases, in accordance with
Pipeline 1.
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4.2.2 The Addition of a Resistance to Balance the Flow
since the coal flow will not divide evenly for a system
of pipelines which traverse different distances, a method of
equalizing the flow resistance of each pipeline is needed.
Then, when the gas-solids flow enters a riffler, it "reads"
identical resistances for each exiting pipeline and the flow
divides equally. The equations developed in Chapter 3, along
with the method for analyzing pipeline systems previously
developed in this chapter, allow for the magnitude of the
necessary flow resistances to be calculated.
The methods developed in the previous sections of this
chapter are used to determine the size of the flow resistances
which are needed to provide balanced fuel distribution. The
procedure is as follows:
1. Analyze each pipeline as though it operates
independently of any others.
i. Assume the fuel supplied by the exhauster
divides equally, and that each pipeline
receives:
(4-4 )
ii. Assume the air supplied by the exhauster
divides equally, so that each pipeline has
the same superficial air velocity.
iii. Assume the air and coal material properties
are identical in each pipeline.
iv. Calculate the resultant pressure drop for
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each pipeline, ~Pi,T •
2. Determine which pipeline experiences the largest
pressure loss, and then calculate the difference
for each of the other pipelines:
~p, O'ff = ~p - ~p, TI, 1 max I,
3. To each pipeline, add a flow resistance element
whose resultant pressure loss will be:
(4-5)
~P. R =~, O'ff ( 4 - 6 )I, es I, 1
After the flow resistances are added, when the gas-solid
stream enters a coal riffler, it will "see" identical paths
presented by both of the exiting pipelines.
For example, assume that the pipelines shown in Figure
(4-2) are analyzed by the method presented in the balancing
algorithm, with the following results:
Pipeline
1
2
6P i ,T
10.0 psi
12.0 psi
6p i, Res
2.0 psi
0.0 psi
Then, for this pipeline system to be used for power plant coal
distribution, a flow resistance device must first be added to
Pipeline 1. A properly sized device will produce identical
pressure drops (12.0 psi) in each of the pipelines, and the
flow will divide equally as it passes through the riffler.
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4.3 Use of an Orifice Plate as the Flow Resistance
A commonly used device for balancing pipe flows is the
concentric orifice plate, shown in Figure (4'-3). This thin
plate has a hole which is concentric with respect to the pipe
axis of flow. The amount of flow resistance presented by an
orifice plate depends directly upon the diameter of its
opening, do. Expressions for calculating the pressure drop a
flow experiences as it passes through an orifice plate are
derived from experimental ~ata. However, correlations vary
depending upon the experimental method employed. Figure (4-4)
shows how the location of the pressure taps affects the
pressure drop value obtained.
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4.3.1 Expression for Pressure Drop Across Orifice Plates
The balancing algorithm presented in section 4.2.2
requires an expression for the flow resistance which accounts
for its overall effect upon the flow. Thus, an equation based
upon pipe-tap data will be utilized. Benedict [31] presents
an equation for calcUlating the pressure drop across orifice
<
plates whi9h is based upon a method recommended by the
American Society of Mechanical Engineers [32]. Starting with
a dimensionless coefficient representing the ratio of the
orifice opening diameter to the pipe diameter, the method is
as follows:
d~ = --.Q
D
K, = 0.5925 + 0.0~82 +( 0.44 _ 0~6)~2 +( 0.935 + O.~25 )~5
+1.35~14 +(~~~ )to. 25 _ ~)2.5
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(4-7)
(4-8 )
(4-9)
(4 -10)
( 4)0.511=K I-P
( 4-11)
(4-12)
where n is the flow discharge coefficient, and the Reynolds
number used is based upon the pipe diameter and superficial
air velocity. The pressure loss is then calculated as:
( 2)0' nDm=pU--f 0 4
o ,
. m
m=-
11
(4-13)
(4-14 )
(4-15)
These expressions pertain only to single-phase flow. At
this time, there have been no correlations pUblished which
account for the flow of a gas-solid mixture through an orifice
plate. However, due to the nature of the flow stream as it
approaches and passes through the orifice plate, the use of
the one-phase flow correlation is valid. since the plate
represents a very sudden area change, its only effect upon the
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solid phase of the flow is the loss of momentum experienced by
the particles which collide with the plate. But due to the
very dilute conditions used in the pneumatic transport of
pUlverized coal, the number of particles which hit the plate
is very small and the plate's effect is overwhelmingly enacted
upon the gas phase of the flow.
Although several studies have been performed for
pneumatic flow through a Venturi meter, it represents a
distinctly different phenomenon than that occurring in the
flow through orifice plates. Figure (4-5) displays this
difference through the use of solid particle streamlines.
Since the two-phase flow encounters a smooth, gradual area
change as it moves through the Venturi, the resistance effect
is manifested on both the solids and the air. However, the
sudden area change of an orifice plate allows the majority of
the particles to move through the plate without "noticing" its
presence. A comparison of the gas-solid flow regimes in
orifice plates and venturi meters, which verifies this
concept, is presented by Carlson, Frazier, & Engdahl [33).
4.3.2 Use of the orifice Plate Pressure Drop Equations
Returning to the flow distribution example examined in
Section 4.2.2, the resistance which must be added to Pipeline
1 needs to produce a pressure drop of 2.0 psi. The series of
equations presented in section 4.3.1 can be used to calculate
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-
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Venturi Meter
Figure (4-5) Diagram of particle flow paths through
an orifice plate and a Venturi meter.
83
the orifice opening diameter required to produce this
additional flow resistance. Using an initial guess for do, an
iterative procedure will generate the actual value of do which
produces the necessary pressure drop. Thus, for each value of
aPi,Res needed to balance a system of pipelines, Eqs. (4-7)
through (4-15) can be utilized to calculate the orifice plate
size needed by each pipeline.
4.4 Calculation of Imbalanced Flows
As discussed in section 4.2, the coal distribution system
in an electric power plant is governed by the boundary
condition that the total pressure drop must be equal in each
of the pipelines fed by a single pUlverizer, as given by Eq.
(4-3) . Therefore, if the pipelines are not equipped with
correctly sized orifice plates, the system must compensate for
the unbalanced pressure drops with an addition or reduction in
the mass loading of coal and air which a pipeline receives.
Thus, the coal burners which are supplied by the pipelines
receive varying amounts of fuel and consequently they operate
at differing air-to-fuel ratios.
The computation of fuel distribution will involve an
iteration of mass fractions until the pipeline pressure drops
are equalized. The solution of the series of pressure drop
equations requires the determination of 3N unknowns (N is the
number of pipelines). For example, an analysis of the system
shown in Figure (1-4) will require the determination of 12
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unknowns: the 4 coal mass flow rates, the 4 air mass flow
rates, and the 4 pipeline pressure drops. However, the burner
balancing routine only provides 9 equations, as shown in
Figure (4-6). Thus, an assumption must be made. for 3 of the
variables. Based upon the dilute nature of pUlverized coal
transport, the air mass flow rates will function as the
assumed variables. Two methods are now presented for
determining coal flow distribution, each based upon a distinct
assumption regarding the distribution of air mass flow rates.
4.4.1 Determining Actual Fuel Distribution - Method I
To determine the amount of coal which each pipeline
receives, an iterative procedure is used. An initial guess
for the mass fraction of the total coal flow which each pipe
receives is needed to begin the process. From the mass
fraction, the amount of coal flowing through each pipe is
calculated as:
• u •
m .=y;xM TC.I I C, (4-16)
This method is based upon the assumption that the air flow
divides equally among the pipelines. Along with this
information, these initial coal flow rate values are used to
calculate the total pressure loss in each pipeline, following
the method of section 4.1. The pressure drop values are then
compared to each other to determine if they are equal. If
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UNKNOWN VARIABLES
Coal Mass Flow Rates:
Air Mass Flow Rates:
. . .
ma,1 ' ma,2 ' ma,3 ' ma,4
[ 4 ]
[ 4 ]
Pipeline Pressure Drop: ~P1,T ' ~P2,T ' ~P3,T ' ~P4,T
Total Number of Unknowns = 12
[ 4 ]
EQUATIONS
Conservation of Coal Mass: mC,1 + mC,2 + rllC,3 + rllC,4 = Mc,T [ 1 ]
.
Conservation of Air Mass: ma,1 + rTI a,2 + nia,3 + ma,4 = Ma,T [ 1 ]
Pipeline 1 Pressure Drop: ~P1 T=f(mC1 ,ma 1) [ 1 ]
I "
Pipeline 2 Pressure Drop: ~P2 T= f (mc 2' ma 2) [ 1 ]
I "
Pipeline 3 Pressure Drop: ~P3,T = f (mC,3 ' ma,3) [ 1 ]
Pipeline 4 Pressure Drop: ~P4 T= f (mc 4' ma 4) [ 1 ]. ,.
Equalized Pressure Drops: ~P1,T = ~P2,T = ~P3,T = ~p4,T [ 3 ]
Total Number of Equations = 9
Figure (4-6) The unknown variables and the governing
equations for a system of 4 pipelines.
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they differ from each other, the coal mass fraction values are
. changed and the procedure is repeated until a set of coal mass
fractions produces equalized pressure drops. The air mass
flow rates remain constant throughout this procedure.
4.4.2 Determining Actual Fuel Distribution - Method II
The second method of determining fuel distribution does
not assume that the air mass flow is divided equally among the
pipelines. Rather, air mass fractions are determined by
analyzing the piping system under clean air flow conditions.
with the coal mass flow set to zero, the system reduces to 2N
unknowns and 2N equations and the amount of air flow in each
pipeline can be determined. When coal is added to the air
flow , it is assumed that the air flows continue to be
distributed in the same manner as for clean air flow. The
coal mass fractions are then varied until the pipeline
pressure drops are equalized, as in section 4.4.1. Throughout
this iterative procedure, the air mass flow rates remain
constant.
The procedures outlined above (Methods I & II) are used
to determine how a given flow system is actually performing.
Conversely, sections 4.2 and 4.3 present a method for
determining what alterations must be made on the same flow
system to provide a uniformly distributed flow. A calculation
routine for these two procedures is presented in chapter 5.
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4.5 Effect of Coal Riffler Upon the Flow
Referring to Figure (4-2), the second flow section
encountered by both pipelines is a coal riffler. This device
(see Figure (1-5)) is composed of a series of parallel flow
passages which serve to split the inlet flow into two outlet
flows. Thus, the continuity equation (conservation of mass
flow) governs the flow of both the air and the coal through
the riffler. For Figure (4-2):
rh. =m +rh =M
c,m c,l c.2 c,T
m.=m l +rh 2 =M Ta,m a, a, a.
(4-17)
(4-18)
since no procedure has yet been published for gas-solids
flow thr~a riffler, an analysis of the pressure drop
across such a device was performed by the author using several
different methods. The first approach assumed the flow could
be treated as a fully-developed, one-phase, steady flow
between two stationary plates. The continuity and momentum
equations for fluid flow were then simplified to produce the
simple relation:
_ Q a2 ~p
v=-=--
A 12Jl L
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(4-19)
As can be seen, this equation assumes a uniform velocity
profile for the air flow which is given by:
v = 2/3U/3 max (4-20)
Using typical values for flows in power plant systems, this
a
equation yielded pressure losses which were less than 1% of
the pressure drop encountered in a 20 foot section of
horizontal pipe. Thus, the pressure loss due to the coal
riffler is negligible in comparison to those generally
encountered in the other pipeline sections.
A second approach utilized a combination of head loss
coefficients which were presented by Idelchik [34] for one-
phase flows through a series of flat, parallel plates. This
method additionally accounts for the entrance effects of the
flat plates. Once again, typical operating values were used
to evaluate the resulting pressure drop. As before, its value
was negligible < 1% in comparison to those usually
obtained for power plant fuel distribution systems.
Thus, in absence of a two-phase flow correlation and
based upon the results of simplified, one-phase, air flow
calculations, the pressure drop across a coal riffler will be
neglected in the procedures presented by this paper. Although
this assumption is inherently incorrect, it is considered to
be of minor importance with regard to the overall objective of
balancing coal flow distribution in electric power plants.
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5. CALCULATION PROCEDURE
5.1 Computer Code
A computer code, written in FORTRAN, has been developed
to perform the series of calculations described in Chapter 4.
Part I of the program calculates the orifice plates which are
needed to balance the coal distribution in a given system.
The actual fuel distribution of the system is determined in
Part II. As input, the program requires information about the
air and coal flow and the exact geometry of the piping system.
The code is designed for fuel distribution systems with 2, 4,
or 8 pipelines.
5.2 Part I - Calculation of Orifice Plates
A flow chart schematic of the procedure used in Part I of
the balancing program is given in Figure (5-1). For reference
purposes, each individual section of the pipeline system is
assigned a label consisting of two numbers: (i, j), as in
Figure (4-2). The first number, i, indicates to which
pipeline the section belongs. This value ranges from 1 to N,
where N is the number of burners supplied by a single
exhauster. The second number, j, corresponds to the location
of the section in the pipeline i. Pipe sections are numbered
successively, starting with j=l as the first section
downstream of the exhauster and ending with j=jm~ for the
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Figure (5-1) Flow chart describing Part I of the computer code.
final section before the burner.
5.2.1 Operating Conditions
In Figure (5-1), the first step in the flow chart reads
the operating conditions of the current system. Specifically,
the following information is needed:
1. The air temperature, T, of the conveying air as it
exits the exhauster (in degrees Fahrenheit).
2. The atmospheric pressure, Patm (in psia).
3. The average diameter of the pUlverized coal
particles, dp (in feet).
4. The specific gravity of the coal, Yc .
5. The coal mass flow rate supplied by the
exhauster (in ibm/minute).
6. The superficial air output of the exhauster (in cfm).
As shown in Figure (5-1), this information is then used
to calculate several constant flow parameters. The mass
density of the conveying air, in units of (lbm/ft3), is
calculated as:
28. 97Ibm (Faun )psia llbmoloR
Pair =Pc = Ib
mol X (T + 460)OR X 10. 73psia X ft3
(5-1)
The air viscosity, in units of (ibm/feet/sec), is next
determined. However, the correlation is in metric units and
the air temperature must first be converted to units of
Kelvin.
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TK = (T - 32)(%) + 273 (5-2)
I..l=
(1. 458 X 10'T~·5
1+ 110.4
TK
kg 2.2051b 0.3048m
--=--- x ffi X ----
m*sec 1kg lfoot
(5-3)
Using the specific gravity, the mass density of the coal
particles, in (lbm/feet3), can be calculated as:
Ib
P = P = Y x62 4-ffi-
coal pc' feet3 (5-4)
The initial calculations conclude with the determination
of the terminal velocity for a single particle moving in an
infinite flow field, Utt in units of (feet/sec):
0.153d114g0.71(p _p)0.71
U = p p f
t I..l0.43p~.29 (5-5 )
This equation is identical to Eq. (2-2) and has been rewritten
here for convenience.
5.2.2 Geometry of Pipeline Distribution System
step 3 of Figure (5-1) involves the storage of pipeline
structural information by the program.
following two parameters are input:
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Initially, the
1. N, the total number of burners (and pipelines)
supplied by a single exhauster.
2. The pipeline material: Commercial steel, Wrought
Iron, Galvanized Iron, Cast Iron, or Asphalted
Cast Iron.
The material specification is needed to determine the pipe
surface roughness, a contributor to the gas friction factor,
The entry and storage of the distr ibution system geometry
is performed for each pipeline via a DO LOOP, which runs at
steps of i=l to N. within each step of this loop, a second DO
LOOP is carried out, running for steps of j=l to jm~. The
inner loop step~ng an individual pipeline and records the
data which is specific to that pipe section. When the current
pipeline reaches the furnace windbox at j=jm~' the outer loop
steps forward to the next value of i. In this successive
manner, the data needed for each section of each pipeline is
recorded.
The following information is recorded for each pipe
section type:
1. Horizontal or Vertical Pipe: Pipe diameter, D,
and pipe length, L (in feet) .
2. Coal Riffler: Inlet, Ain , and outlet, Aout'
cross-sectional area (in square feet).
3. Pipe Bend: Pipe diameter, D, and bend radius of
curvature, r c (in feet).
4. Orifice Plate: Pipe diameter, D, and diameter of
plate opening, do (in feet).
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5.2.3 Pressure Drop Calculations
The procedure shown in section 5.2.2 to record the
pipeline information is also used to calculate the pressure
drop developed in the current pipe section. For each step
within the DO LOOP structure, computational subroutines
corresponding to the type of flow structure are employed and
the resultant pressure loss calculated.
Consider the distribution system shown schematically in
Figure (5-2). (The geometrical data corresponding to this
system are given in Appendix 1.) Examining the path of
Pipeline 1, the procedure is as follows. The outer loop is
set to i=l and the inner loop begins with j=l, corresponding
to the pipe section (1,1). From memory, the program "knows"
this section to be a vertical pipe. Therefore, it calls
Subroutine VERN to perform the calculations which correspond
to flow through a vertical pipe. (Information about VERN and
all other subroutines described in this thesis can be found in
Appendix 2.) The subroutine returns values for the particle
velocity, voidage coefficient, acceleration length, the total
pressure drop, and each of its components, including
acceleration effects:
(5-6)
After performing the calculations of step 6 in the flow
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Figure (5-2) Schematic of piping layout used in sample calculations.
chart of Figure (5-1), the total pressure drop found in
section (1,1) is added to the total pipeline pressure drop.
Since this value is initially zero, after section (1,1) the
total pipeline pressure drop is equal to the total pressure
drop in the vertical pipe. This summation is represented by
step 7 in the flow chart.
The main program then checks to see if j=jm~' signifying
that the pipeline has reached the furnace. Represented as
step 8 in Figure (5-1), this decision is a "No". Thus, the
program returns to step 5 to read the next flow section,
~ designated as (1,j=j+1).
continuing along Pipeline 1 to section (1,2), the
corresponding section is a coal riffler. Since the goal of
Part I of this program is to determine the flow resistances
needed to provide uniformly distributed flow, the coal mass
flow entering from section (1,1) is divided into two equal
flows exiting to sections (1,2) and (2,2). Similarly, the air
flow is also divided into two equal portions. As discussed in
section 4.6, the pressure drop across the riffler is
considered negligible.
still referring to Pipeline 1, the next section, (1,3),
is a vertical pipe. As with section {1,1), the subroutine
VERN is called to perform.' the necessary calculations.
However, acceleration calculations are not performed since the
particles have already been fully accelerated. The total
pressure drop calculated for section (1,3) is then added to
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the total pressure drop in section (1,1). Thus, a summation
is performed within the inner DO LOOP to determine the total
pressure drop experienced by the whole pipeline. This
procedure is shown in Figure (5-1) as step 7, and can be
represented as:
(5-7)
Another coal riffler is encountered as section (1,4) and,
as for section (1,2), the coal and air flows are both equally
divided.
Following the vertical pipe of section (1,5), a pipe bend
is encountered as section (1,6). The subroutine BENJI is
called to perform the calculations necessary to determine the
pressure drop which results from the bend. The subroutine
returns this value, ~PB , to the main program, where it is
added to the total pipeline pressure drop.
section (1,7) is a horizontal pipe and the main program
calls the subroutine HOWIE to perform the associated
calculations. HOWIE returns to the main program values for
the horizontal particle velocity, the voidage coefficient, the
total pressure drop, and each of its components. since the
acceleration effects arising from particle collisions with the
pipe-bend wall in section (1,6) are accounted for by the bend
pressure drop correlation, no acceleration pressure drop
calculations are performed by HOWIE. Thus, the total pressure
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drop for this section can be represented as:
(5-8)
The final section of the pipeline structure which will be
discussed is section (1,10). This section corresponds to an
orifice plate which has been placed in the pipeline prior to
these balancing calculations. Thus, it will be an integral
segment of the calculations in Part II of this program when
the actual fuel distribution of the current and unaltered pipe
system is determined. However, this part of the program (Part
I) is concerned with finding the orifice plates necessary to
provide ideal coal flow distribution. Thus, the presence of
the current orifice plate is neglected in the calculations of
Part I.
The process outlined above is repeated for each section
of pipeline 1- until it reaches the furnace. This is
represented in Figure (5-1) as a "Yes" decision exiting step
8 of the flow chart. Since the procedure must still be
performed for pipelines 2, 3, and 4, a "No" decision exits
step 9 and the program returns to step 4. There, the outer DO
LOOP steps forward to i=2 and the inner DO LOOP again runs
from j=l to j=jmllx' calculating the total pressure drop for
pipeline 2. This routine is continued until j=jmu when i=N.
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This combination elicits "Yes" decisions from both step 8 and
step 9 of the flow chart, and the program advances to the
orifice calculation routine.
5.2.4 Calculation of Orifice Plate Sizes
When the calculation of the total pressure drop in each
of the pipelines has been completed, the N values of
are scanned to determine which pipeline experiences the
largest pressure loss. This value is' designated as ~Prnax
and its determination is shown as step 10 in the flow chart of
Figure (5-1). Each of the pipelines is compared to 6Prnax and
their difference is given as:
~p, O'ff = ~p - LW. TI, I max 1, (5-9)
This equation follows along with the procedure presented in
section 4.2.2.
The value of 6P i ,Res represents the amount of flow
resistance which must be added to the pipeline to equalize its
pressure drop with the others. Calculation of the orifice
plate size which produces this additional pressure drop is
performed in the subroutine DRAC. utilizing the expressions
developed in section 4.3.1, this subroutine determines the
value of do which yields a pressure drop of 6p i, Res. In
addition, DRAC calculates the number of plates, Nop , which
must be added to a pipeline if one plate cannot provide the
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pressure drop desired. The subroutine returns this value to
the main program along with the corresponding orifice
diameters. This procedure is shown as step 11 in the flow
chart of Figure (5-1).
The completion of the procedure outlined in step 11 of
- -
the flow chart corresponds to the completion of Part I of the
burner balancing program. At this point, new orifice plate
sizes have been calculated to replace those (if any) currently
in the pipeline system. The new plates will provide equalized
flow resistances for each of the pipelines so that as the gas-
solid flow enters a riffler, it will "see" two identical exit
paths. since the exit pipelines will present equivalent
resistances to the incoming flow, the flows will be divided
equally. This distribution of equal amounts of coal and air
by a single exhauster accomplishes the first objective of this
thesis.
5.3 Part II - Actual Fuel Distribution by Current System
The second part of the burner balancing computer code
calculates the flow conditions which currently exist in a
given pipeline system (including current orifice plates),
without the addition of the new orifice plate recommendations
from Part I. Outlined in the flow chart of Figure (5-3), the
procedure determines the amount of coal a burner actually
receives in the current, unaltered system in terms of its mass
flow rate. In addition, each burner's subsequent air-to-fuel
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ratio is also calculated.
5.3.1 Initial Values for Coal Mass Flow
In step 1 of the flow chart, air mass flow rates are
assigned to each pipeline based upon either Method I or Method
II, as outlined in Chpater 4. Also, initial guesses are made
for the mass fraction of coal in each pipeline. Defined as
N
1 = LYi (5-10)
i=l
the mass fraction is used to determine the coal mass flow rate
via Eq. (4-16), which is repeated here for convenience:
(4-16 )
The initial guess is based upon the total pipeline pressure
drops calculated in Part I. since the coal mass flow is
inversely related to the pressure drop, the initial guess is
derived as:
(5-11)
(5-12)
Using these expressions, initial values of the coal mass flow
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received by each pipeline are determined.
5.3.2 Pressure Drop due to Imbalanced Flow
In Figure (5-3), steps 2 through 6 are similar to those
performed in Part I of the computer program. In steps 2 and
3, DO LOOPS are executed to determine the current pipe section
(i,j) and retrieve its corresponding information, which is
stored in the program's memory. However, the procedure in
step 4 differs from Part I in two ways. First, the effect of
a coal riffler is no longer to evenly divide the coal flow,
but to divide it according to the mass fractions specified in
step 1. For. example consider the flow system shown in Figure
(5-2). The initial guess calculations provide y\, Y2' Y3' and
Y4' which are then used to work backward and determine how the
flow is divided as it encounters each of the rifflers, as
shown in Figure (5-4). Thus, when the DO LOOP encounters a
coal riffler, it assigns coal mass flows according to these
specifications.
The second difference between Part II and Part I is that
now. the pressure drop due to the presence of an existing
orifice plate is included in the total pipeline pressure drop.
Using the geometry of the orifice plate stored in step 3 of
Part I, the subroutine OTTO calculates the resultant pressure
loss across it. This value is then added to the total
pipeline pressure drop in the same manner put
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6. SENSITIVITY ANALYSIS
The burner balancing routine presented in this thesis
relies upon the input of several parameters. Based upon this
information, orifice plate sizes which will provide uniform
flow distribution are calculated. However, after these plates
have been added to the system, the operating parameters may
vary. This chapter examines the effect of such variations
upon the fuel distribution.
Limitations of the burner balancing model are also
examined in this chapter. For example, the correlations
require a uniform particle size. But the pUlverized coal
transported in electric power plants is composed of a range of
particle sizes.
The information generated by the model inherently depends
upon the selected correlations. Several bend correlations are
substituted into the model to examine the sensitivity of
balancing to the choice of equations.
As discussed in Chapter 4, the air flow distribution to
each pipeline cannot be determined and assigned values must be
assumed. Thus, for each case investigated in this chapter,
both Method I and Method II are employed.
Finally, this chapter investigates the use of clean air
flow tests to balance the coal flow distribution.
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6.1 variations in Operating Parameters
The computer code input data which vary during power
plant operation are the air temperature, exhauster air flow
rate, and coal feed rate. Orifice plate sizes which provide
balanced flow for one set of these parameters may not produce
the same coal flow distribution when one of them is varied.
The analysis of this section is based upon the following
method. A set of baseline conditions are assumed and the
orifice plates needed to balance that flow are calculated.
Then, one of the input parameters is changed and the
calculations are repeated. Part II of the code's output is
examined for any effects upon the previously balanced flow.
For each input parameter which is varied, four dependent
variables (per pipeline) are presented: coal mass flow rate,
air-to-fuel ratio, coal flow deviation, and air mass flow
rate. The data for each case is tabulated in Appendix 4.
The baseline operating conditions used in this analysis
are identical to those utilized in section 5.4, which are
presented in Figure (5-5). In addition, the piping system
outlined in Figure (5-2) and documented in Appendix 1 is
employed. The orifice plates which balance these flow
conditions (calculated in section 5.4) and which are used in
this section are:
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Pipeline
Number
1
2
3
4
Orifice do
(inches)
15.00000
11.87709
11. 06429
12.22105
For the calculations performed in this section, these plates
replace those given in Appendix 1. The coal and air mass flow
rates for the baseline case, in units of (Ibm/sec) are:
Pipeline
Number
1
2
3
4
Coal Mass
Flow
3.00
3.00
3.00
3.00
Air Mass Flow
Method I
6.3510
6.3510
6.3510
6.3510
Air Mass Flow
Method II
6.3979
6.3206
6.2985
6.3769
6.1.1 variation of Conveying Air Temperature
The first operating parameter which will be examined is
the temperature of the conveying air. In the baseline case,
the temperature is 165 degrees Fahrenheit. The values used in
this section are: 145, 155, 175, and 185°F. First, the air
mass flows were assumed to be equally distributed (Method I) .
Figure (6-1) shows the coal flow distribution which results
from the temperature variation. The amount by which the flows
are imbalanced is plotted in Figure (6-2). The most severe
deviation values occur when the temperature is at the highest
setting. However, the largest deviations do not exceed an
imbalance of 5%. Figure (6-3) shows the air mass flow for
each case. In accordance with Method I, for each case the
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Figure (6-1) The effect of varying air temperature on
fuel distribution - Method I.
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Figure (6-2) The effect of varying air temperature on
coal flow deviation - Method I.
130
Air Mass Flow with
Varying Air Temperature
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Figure (6-3) The effect of varying air temperature on
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Figure (6-4) The effect of varying air temperature on
air/fuel ratios, Method I.
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flow is equally distributed to the pipelines. But due to the
variation of air density with the change in air temperature,
the actual value of the air mass flow rate decreases with
increasing temperature.
The air-to-fuel ratios in each pipeline for each of the
cases are given in Figure (6-4). Since the air flow is evenly
distributed at each temperature value, the variations in AIF
are due solely to the imbalance of the coal flow.
In order to provide a gross quantitative figure regarding
the effect of temperature variation upon the coal flow, the
standard deviation of the coal flow deviation values was
determined for each temperature setting. with xi representing
the coal flow deviation, the standard deviation, a is
calculated by
L, x.X =__1
N
(6-1 )
(6-2)
In the baseline case, the coal flow deviation per pipeline is
zero, and thus the standard deviation is also zero. For this
range of temperature values:
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Temperature
(degrees F)
145.0
155.0
165.0
175.0
185.0
standard Deviation of
Coal Flow Deviation (%)
1.37
0.65
0.00
0.62
1.33
As can be seen, as the temperature either increases or
decreases from the base value (165°F), the coal flow deviation
increases. The relationship between the temperature value and
the imbalance appears to be linear and it does not depend upon
whether the temperature is increased or decreased.
The same temperature values were also examined utilizing
the air mass flow rates produced by the assumption of Method
II. Their values are labeled as the Base Case in Figure
(6-7). Figure (6-5) shows the coal flow distribution which
results from each of these cases. Although there is an
imbalance among fuel received by the pipelines, the effect of
temperature variations is small, and the deviation values are
plotted in Figure (6-6). Once again, the standard deviation
of the coal flow deviation values was calculated:
Temperature
(degrees F)
145.0
155.0
165.0
175.0
185.0
standard Deviation of
Coal Flow Deviation (%)
6.64
6.76
6.81
6.84
6.82
Although these values are larger than those produced by
133
4I!.·.~!
;;;;:.,1- V~i. ~ v
2 3
Pipeline Number
Fuel Distribution with
Varying Air Temperature
1
0-
Q)
~ 4.0,~---------------------....,
E
.0:::=.. 3.0 "'1/
~ I/~:~:I.t' v
i ~:::i I~I~
Cd / l[>: ~ /
o 0.0
o
ml Base Case D 145F
k:<<:J 175F [ill 185F
!~~~m~M 155F
Figure (6-5) The effect of varying air temperature on
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Figure (6-6) The effect of varying air temperature on
coal flow deviation - Method II.
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Figure (6-8) The effect of varying air temperature on
air/fuel ratios - Method II.
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Method I, they must be examined with respect to the deviation
at the baseline condition. For Method I, this value is zero,
but the assigned air mass flows in Method II yield a coal flow
deviation of 6.81%. Compared to this value, it can be seen
that the effect of temperature variations upon the baseline
conditions is small.
6.1.2 Part-Load Conditions
At times, an electric power plant operates at less than
its full generating capacity in response to demand
requirements. This is known as operating at part-load. The
need for less power allows the plant to decrease the amount of
coal fed to the system. In addition, the exhauster air output
is reduced to a level which provides for the transport of the
coal. The baseline calculations were performed at full load
conditions: a total coal feed rate of 720.0 Ibm/min and
exhauster air output of 24000.0 cfm. In this section, the
load is reduced to the following conditions, corresponding to
exhauster information from Combustion Engineering:
Loading
(%)
25.0
50.0
75.0
100.0
Total Coal Flow
(Ibm/min)
180.0
360.0
540.0
720.0
Total Air Flow
(cfm)
16909.1
20727.3
22952.7
24000.0
A/F
Ratio
5.963
3.655
2.698
2.117
The base condition corresponds to full (100%) load.
The information produced by the' air flow assumption of
Method I is examined first. Figure (6-9) shows the coal
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Figure (6-10) The effect of varying load (with C.E. data)
on coal flow deviation - Method II.
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Figure (6-11) The effect of varying load (with C.E. data)
on air mass flow rates - Method II.
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Figure (6-12) The effect of varying load (with C.E. data)
on air/fuel ratios - Method I.
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flow' distribution at each load level. The air mass flow in
each pipeline is given in Figure (6-11) and it displays the
equalized behavior inherent to Method I. The amount of coal
flow imbalance is shown in Figure (6-10), where it can be seen
that the most severe deviations occur at the lowest load. The
standard deviations of these coal flow deviation values are:
Loading
(%)
25.0
50.0
75.0
100.0
standard Deviation of
Coal Flow Deviation (%)
16.41
1.61
1.86
0.00
The severity of the imbalance at the lowest loading level is
clear. However, a load level of 50% produces a standard
deviation of less than 2%. Thus, it would appear that only
drastic reductions in load level have a serious effect upon
the baseline balanced flow.
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Figure (6-13) The effect of varying load (with C.E. data)
on fuel distribution - Method II.
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Figure (6-14) The effect of varying load (with C.E. data)
on coal flow deviation - Method II.
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Figure (6-15) The effect of varying load (with C.E. data)
on air mass flow rates - Method II.
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Figure (6-16) The effect of varying load (with C.E. data)
on air/fuel ratios - Method II.
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When Method II is employed, a different behavior is
witnessed. The fuel distribution is plotted in Figure (6-13)
and the associated deviation values are given in Figure
(6-14), where the largest imbalance now occurs at the load
level of 50%. In terms of the standard deviation of the coal
flow deviation:
Loading
(%l
25.0
50.0
75.0
100.0
standard Deviation of
Coal Flow Deviation (%l
12.74
18.50
6.83
6.81
These values, in comparison to the Method II baseline
deviation of 6.81%, show the difference in behavior of the 50%
load level for Method I and Method II. For both cases, the
level of 75% still provides reasonably balanced flow.
6.1.3 Part-Load Conditions with Constant AIF
This section examines loading levels in which the
exhauster air output and coal feed rate are set to a constant
air-to-fuel ratio. Using the baseline case, the constant A/F
value is 2.117 (Ibm air/Ibm coal), and thus the data at each
load level are:
Loading
(%l
25.0
50.0
75.0
100.0
Total Coal Flow
(Ibm/min)
180.0
360.0
540.0
720.0
142
Total Air Flow
(cfm)
6000.0
12000.0
18000.0
24000.0
Fuel Distribution for Part-Load
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Figure (6-17) The effect of varying load (at constant A/F)
on fuel distribution - Method I.
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Figure (6-18) The effect of varying load (at constant A/F)
on coal flow deviation - Method I.
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Figure (6-19) The effect of varying load (at constant A/F)
on air mass flow rates - Method I.
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Figure (6-20) The effect of varying load (at constant A/F)
on air/fuel ratios - Method I.
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The baseline case corresponds to full (100%) load.
Figure (6-17) shows the fuel distribution at each of
these loading levels. This information was obtained using the
air flow assumption of Method I. In accordance with this
method, the air flow is equally divided among the pipelines,
as shown in Figure (6-19). However, the variation in coal
flow rates produce different A/F ratios in each pipeline
(though the overall A/F remains constant), as given in Figure
(6-20) . The coal flow deviation per pipeline, plotted in
Figure (6-18), does not exceed 10% for any of the pipelines.
For each load level, the standard deviation of the coal flow
deviations has been calculated:
Loading
(%)
25.0
50.0
75.0
100.0
standard Deviation of
Coal Flow Deviation (%)
7.20
4.75
1.57
0.00
As in the case where Combustion Engineering data were used to
perform part-load calculations with Method I, the largest
deviation occurs for the 25% load level and the deviation
decreases with increasing load level.
When Method II is employed, a different behavior is
observed. Using the same load level values for the coal and
air flows, the fuel distribution is as shown in Figure (6-21),
with the base case representing full (100%) load. The flow
deviation values are plotted in Figure (6-22) and should be
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examined in conjunction with the base case deviation values.
standard deviation values for these loading levels are:
Loading
(%)
25.0
50.0
75.0
100.0
standard Deviation of
Coal Flow Deviation (%)
10.34
10.42
9.31
6.81
The base case of full load yields a standard deviation of
6.81%. Thus, lowering load level increases the coal flow
deviation. However, there is virtually no difference between
the load of 50% and the load of 25%. This behavior was not
displayed by any of the previous part-load conditions examined
in this chapter.
Air mass flow rates which were assigned according to the
clean air flow technique of Method II are plotted in Figure
(6-23). Although the discrepancy among these values is small,
the coal flow deviations yield air-to-fuel ratios which differ
for each pipeline, but are relatively unaffected by load
variations.
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Figure (6-21) The effect of varying load (at constant A/F)
on fuel distribution - Method II.
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Figure (6-22) The effect of varying load (at constant A/F)
on coal flow deviation - Method II.
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Figure (6-23) The effect of varying load (at constant A/F)
on air mass flow rates - Method II.
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Figure (6-24) The effect of varying load (at constant A/F)
on air/fuel ratios - Method II.
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6.2 variation of Model Assumptions
6.2.1 variation of Particle size
The burner balancing routine presented in this thesis
relies upon the use of a single parameter to represent the
size of the conveyed particles. However, the pulverized coal
used in electric power plants is composed of a range of
particle sizes. The assumption of a uniform particle size is
needed to calculate the orifice plate sizes, but the actual
range of particle sizes may produce a different set of
pipeline pressure drops. This section examines the effect of
particle size on the performance of the orifice plates
recommended by the baseline case. The baseline conditions,
are identical to those given in section 6.1.
The following particle diameter sizes are examined in
this section: 50, 65, and 100 microns. using the air
distribution of Method I, the resultant fuel distribution is
shown in Figure (6-25). Although a coal flow imbalance
exists, its variation (per pipeline) with particle size is
small. The flow deviation values are plotted in Figure
(6-26), which shows that the deviation per pipeline is almost
constant. Standard deviation values for each of the particle
sizes are:
Particle size
(microns)
50.0
65.0
85.0
100.0
Standard Deviation of
Coal Flow Deviation (%)
3.56
3.85
0.00
3.41
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Figure (6-25) The effect of varying particle size
on fuel dif~ribution - Method I.
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Figure (6-26) The effect of varying particle size
on coal flow deviation - Method I.
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Figure (6-27) The effect of varying particle size
on air mass flow rates - Method I.
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with the standard deviation (and coal flow deviations) of the
base case being 0.00%. Thus, this range of particle sizes
creates a coal flow imbalance which is nearly constant (per
pipeline).
In accordance with the assumption of Method I, the air
mass flow is equally divided among the pipelines (see Figure
(6-27). The variation in air-to-fuel ratios in each of the
pipelines, shown in Figure (6-28), is therefore directly due
to the coal flow imbalance.
When Method II is used to assign air flow rates, the
overall imbalance behavior is similar to that produced by
Method I. However, a comparison of the Method II fuel
distribution (see Figure (6-29)) with the Method I
distribution (see Figure (6-25)) shows that Pipeline 3 changes
from fuel-lean in Method I to fuel-rich in Method II.
Pipeline 1 displays the opposite behavior. However, with
respect to the base case of Method II, only a particle size of
50 microns produces measurable variations from the other
cases. As shown in Figure (6-30), the coal flow deviations
per pipeline are nearly constant for the 65, 100, and 80 (base
case) micron values. But the 50 micron value varies from the
others. The standard deviation of the coal flow deviation for
each particle size is presented below.
152
Fuel Distribution for
Varying Particle Diameter
0-Q) 4.0-r---------------------.
~
E
.0 3.0 ··T H:~····· V g .
-; V .~~~:. ::: ~ ::f.;.:~.::~.,:.:;.~:~:~:~.. .':: :.::'::.:: ·.·.·.·.·.·.·.·.·~V § V I ::::
o 2.0 t/ ~.I.~ .::.': ~ :.·:.:;::;l:}...:l.:·f::~: ~V ~~~ .:-:~ ~ :~:~:~ -:.: ~ , V:~ ~~i:::: .~ 1.0". ~ IL ~ ..t.: :f.i:;::,.:l: .••:•.•:··············~:i:!~.!.!., ~ I·~ 0.0 V :~~:-:- /1 o' 1/] ·~I:-:- v, m>:
o 1 2 3 4
Pipeline Number
llill Base Case CJ 50 urn I::~~l:i~~a 65 urn t>:::::::I100 urn
Figure (6-29) The effect of varying particle size
on fuel distribution - Method II.
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Figure (6-30) The effect of varying particle size
on coal flow deviation - Method II.
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Figure (6-31) The effect of varying particle size
on air mass flow rates - Method II.
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Figure (6-32) The effect of varying particle size
on air/fuel ratios - Method II.
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Particle Size
(microns)
50.0
65.0
85.0
100.0
Standard Deviation of
Coal Flow Deyiation (%)
7.55
7.51
6.81
7.42
Thus, although the 50 micron particle diameter does not behave
like the other settings on a per pipeline basis, its overall
behavior is the same. In reference to these standard
deviation values, the base case (80 microns) yields a standard
deviation of 6.81%.
The air flow rate values, which are plotted in Figure
(6-31), are unaffected by variation in particle size since
their values are assigned via Method II. Therefore, the
variation of the air-to-fuel ratio in each pipeline with
particle size, shown in Figure (6-32), is due to the coal flow
imbalance.
6.2.2 Variation of Pipe Wall Roughness
The pressure drop equations used by the burner balancing
routine utilize a gas friction factor which is a function of
the flow Reynolds number and the pipeline material. Although
the pipeline material will not vary from the base case during
power plant operation, the surface condition of the material
will change with time due to the flow of the air and solid
particles. The resultant erosion does not occur smoothly, but
instead causes "pitting" in the pipe walls, yielding a surface
which is rougher than the original.
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Thus, the friction
coefficient calculated for the base case, which is based upon
the pipes being in "new' condition, will become incorrect as
the pipe ages. In this section, the effect of variation in
surface roughness is examined.
The following pipe relative roughness values are
investigated: 0.00015/0, 0.0005/0, and 0.0004/0. These
values are compared to the base case value of 0.00085/0.
Appendix 3 details the significance of each of these values.
Employing Method I, varying surface roughness produced the
fuel distribution shown in Figure (6-33). Pipelines 2 and 4
behave similarly and show little variance due to the change in
roughness. But Pipelines 1 and 3 show a strong dependence
upon the roughness value. Figure (6-34) plots the coal flow
deviation values for each of the pipelines. The value of
'C
0.00015/0, which is the roughness value which most differs
from the base case, produces the largest deviations. For each
roughness value, the following standard deviation values were
calculated:
Relative
Roughness
0.00015/0
0.0004/0
0.0005/0
0.00085/0
standard Oeviation of
Coal Flow Oeviation (%)
17.16
9.46
7.11
0.00
Obviously, changes in pipe surface roughness have a serious
effect upon coal flow distribution. However, due to the use
of Method I, the air flow rates per pipeline do not change
with variations in surface roughness. (See Figure (6-35)).
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Figure (6-33) The effect of varying pipe wall roughness
on fuel distribution - Method I.
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Figure (6-34) The effect of varying pipe wall roughness
on coal flow deviation - Method I.
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Figure (6-35) The effect of varying pipe wall roughness
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Figure (6-36) The effect of varying pipe wall roughness
on air/fuel ratios - Method I.
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The variation in air-to-fuel ratios shown in Figure (6-36)
are therefore due solely to the coal flow imbalances.
The effect of surface roughness was also investigated
using the air flow distribution of Method II. Figure (6-37)
shows the resultant fuel distribution. In the base case,
Pipeline 1 receives the least, and Pipeline 3 receives the
largest, amount of coal. B1J.t when the roughness is changed to
0.00015/0, the flow pattern is reversed. As the roughness is
varied, the flow distribution changes and progresses towards
the base case behavior. Figure (6-38) shows that the highest
individual coal flow deviations occur for Pipelines 1 and 3.
The standard deviation values for each roughness value are:
Relative
Roughness
0.00015/0
0.0004/0
0.0005/0
0.00085/0
standard Oeviation of
Coal Flow Deviation (%)
12.28
4.83
3.18
6.81
In comparison with the base case deviation of 6.81%, the
variation in relative roughness values has a strong eff~ct
upon the fuel distribution.
In accordance with the assumption of Method II, the air
distribution for each of these roughness values was determined
under clean-air flow conditions. As shown in Figure (6-39),
the variation of surface roughness has no measurable effect
upon the clean air flow distribution for the pipeline system
analyzed in this chapter (see Figure (5-2». Thus, the
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Figure (6-37) The effect of varying pipe wall roughness
on fuel distribution - Method II.
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Figure (6-38) The effect of varying pipe wall roughness
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Figure (6-40) The effect of varying pipe wall roughness
on air/fuel ratios - Method II.
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variation among the air-to-fuel ratios plotted in Figure
(6-40) is directly due to the coal flow.
6.3 variation of Bend Pressure Drop Correlation
The burner balancing routine inherently depends upon the
pressure drop correlations which it employs. This section
investigates the effect of sUbstituting several other
researcher's expressions for the model's "base case" use of
the bend pressure drop equation of Michaelides [20].
specifically, the equations of Michaelides will be replaced by
two different correlations: the expressions developed by
Schuchart [22] and Mason & smith [23] (see Chapter 2). The
balancing routine uses each of these correlations to calculate
. ,.
the orifice plate sizes needed to provide balanced flow for
the baseline operating conditions put forth in section 6.1.
The following orifice plates were calculated:
Pipeline
Number
1
2
3
4
do by Schuchart
(inches)
15.00000
12.18769
11.24556
12.22105
do by Mason & smith
(inches)
15.00000
11.44754
10.78966
12.22150
The Michaelides' equations were then placed back into the
balancing routine (restoring the original routine) and\ the
code then analyzed the performance of the plates recommended
by the other two bend pressure drop correlations.
Using the equalized air distribution of Method I, the
resultant fuel distribution is shown in Figure (6-41) in
162
7Fuel Distribution for Varying
Elbow dP Correlations
42 3
Pipeline Number
1
1.0 .
~~:~:~~
. ~~ii .
~~~~~~~~~ .(.:r:l:~.!..f:~.[:r:~:; ~fl.l:!.~:~.~.r.;:l~.:r.~ . f.4t ",.... . .
.. ·.:~.;.:!.:~.~~.:.,*".:~.:~.:~:t.~.::~::.:~:~ .:~:~~:::. @~~l ;;.I I IO. O+-_-.L.L..l--="'--,---!:....L..L_~..,---LLL-IZi:ill....--.-L.LJL...l:'~_--1
'0Q) 4.0,----------------------~
~
E
.0 3.0 .
:::=-
~LL 2.0 .
CJ)
8J
~
"iii
o
o
tzj Michaelides D Mason&Smith W~f~m~tl Schuchart_..•..x·."':.·.·.·.·
Figure (6-41) The effect of varying elbow pressure drop
correlations on fuel distribution - Method I.
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Figure (6-42) The effect of varying elbow pressure drop
correlation on coal flow deviation - Method I.
163
Air Mass Flow for Varying
Elbow dP Correlations
".;.:.:-:-:I••••••••••••••••••••
tj~
;wl
1111····················
:::?:::::
-- 8.0(.)(I)
~
E 6.0 ....................
.0
::::..
~ 4.0 ....................
LL
(f)
m 2.0 ....................
2
...
< 0.0 1 2 3 4
Pipeline Number
~ Michaelides D Mason&Smith iJ!1iW] Schuchart
Figure (6-43) The effect of varying elbow pressure drop
correlations on air mass flow rates - Method I.
Air-to-Fuel Ratios for Varying
Elbow dP Correlations
3.0 .
__ 4.0,------------------------.
ro
o(.)
E
.0~ ~ ~
"(ij 2. 0 . ·.:t.,.lf::.:if..:ri ;;;:;;;............... . ~~~~ .
.oE .~;; : ~t~ ;W~- ._~,.::,:.::.::. .~::.: ::.~»~.::..'::. :.:~..; ;..: :..: ' .:.:.~-:-. .~t.:.;.r:i.~:t.' ;.·.: " f{: ,": ~:
::::.. 1.0 Ml············· . . ::~;.:::~~.::', .: :. :;::.~:.:.~.~;'.,~.::.'::...;. :.,:~.. .:~ :.: .~ .~::~.:.~.~.:.r.: :.~::;.:t.f.:.j.:.~.: ~ "~ ~.~.~...:.~.:.:.'.;.~...Go :' ~tfl ~~O. O-t-----"'-"--'--"'=----.---L..,,'-'----="--r-LL..I--"=----,-~.L.l.--=~::::~O:.L::: ----I
1 2 3
Pipeline Number
4
EZj Michaelides D Mason&Smith IMIDMl Schuchart
Figure (6-44) The effect of varying elbow pressure drop
correlations on air/fuel ratios - Method I.
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comparison to the reference base case (Michaelides). The
plates calculated by the Schuchart and Mason & smith
expressions clearly do not produce balanced flow. Figure
(6-42) shows the coal flow deviation values produced by the
use of the plates recommended by the Schuchart and Mason &
smith equations. The Mason & smith correlation caused the
largest deviations, with imbalances approaching 30%. The
standard deviation values for the coal flow imbalances are:
Bend
Correlation
Mason & smith
Schuchart
Standard Deviation of
Coal Flow Deviation (%)
25.52
15.16
The choice of which bend correlation to use in the burner
balancing routine clearly effects the fuel distribution.
The air flow distribution is given in Figure (6-43),
which shows the equalized assumption of Method I. Figure
(6-44) plots the air-to-fuel ratios per pipeline, whose
variations depend solely upon the coal flow imbalance.
When the clean-airflow assumption of Method II is
employed, the flow deviations increase beyond those calculated
by Method I. SUbstituting each of the bend correlations into
the code, the clean-air distribution produced by the
corresponding orifice plates for each was determined. Then
the Michaelides' expressions were placed back into the code,
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Figure (6-45) The effect of varying elbow pressure drop
correlations on fuel distribution - Method II.
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Figure (6-46) The effect of varying elbow pressure drop
correlations on coal flow deviation - Method II.
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and the resultant fuel distributions were calculated for each
case. As shown in Figure (6-45), the individual pipelines
experience similar imbalances for the two cases, which differs
from the distributions in Method I. The amounts of the flow
imbalances are given in Figure (6-46). Pipeline 3 experiences
an imbalance of more than 40% when the Mason and smith
expression is used to calculate the orifice plate sizes and
air flow distribution.
each correlation is:
Bend'
Correlation
Mason & smith
Schuchart
Overall, the standard deviation for
standard Deviation of
Coal Flow Deviation (%)
26.28
18.64
As for Method I, the choice of correlation used to calculate
orifice plate sizes has a pronounced effect upon the
subsequent coal flow distribution.
The air flow distributions, as determined by Method II,
are plotted in Figure (6-47). Although the air flow
deviations caused by the orifice plate recommendations of
Michaelides and Schuchart are small, the plates recommended by
Mason & smith produce a measurable clean-air flow imbalance.
The air-to-fuel ratio, shown in Figure (6-48), varies among
the pipelines due to the combined coal and air flow
imbalances.
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6.4 Use of Clean Air Flow Balancing
Clean air testing is a common technique used by electric
power plant engineers to balance coal flow distribution. With
no coal in the ai~ stream, pitot tube measurements are made in
each of the pipelines at a location downstream of the final
riffler. Based upon the measured pressure data, flow
restrictions (usually orifice plates) are then added to each
pipe on a trial and error basis until the pitot tube measures
equalized pressure losses. These flow resistances, which
provide balanced clean air flow, are assumed to also provide
balanced coal flow distribution.
The burner balancing routine developed in this thesis was
used to examine the effect of using a balanced clean air flow
assumption. Using the baseline operating conditions presented
in Section 5.4 and the pipeline system of Figure (5-2), Part
I of the burner balancing routine calculated the orific€ plate
sizes needed to balance the clean air flow. Then, with the
coal feed rate set to the baseline value, the routine
calculated the performance of these "clean-air" plates under
dirty air flow conditions.
Figure (6-49) shows the resultant fuel distribution in
comparison to the baseline case (balanced flow). The orifice
plates which balanced the clean air distribution do not have
the same effect upon the dirty air flow. Coal flow deviation
values, plotted in Figure (6-50), are on the order of 10%.
The standard deviation of the coal flow deviation values is
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8.9%, which represents a significant imbalance.
The air mass flow distribution is given in Figure
(6-51). Since the orifice plates were originally calculated
for clean air flow, the air flow assumptions of Method I and
Method II are identical. The resulting air-to-fuel ratios are
imbalanced due to the coal flow deviations. Thus, the use of
clean air flow information by the balancing routine of this
thesis does not provide balanced coal flow.
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7. CONCLUSIONS & RECOMMENDATIONS
7.1 The Burner Balancing Model
A computational method for balancing the fuel
distribution in electric power plants, -based upon pipeline
pressure loss, has been developed in this thesis. After
reviewing a variety of research publications regarding gas-
solids transport, the pressure drop correlations developed by
Yang [5] and Michaelides [20] were chosen to perform the
calculations. The model has been extended into a FORTRAN
computer code which calculates pressure losses in each section
of a pipeline system. Based upon these calculations, the flow
restrictions which must be added to the system to provide
balanced flow are determined. In addition, the performance of
the current, unaltered system is calculated.
7.2 Limitations of the Model
As detailed in Chapter 6, the burner balancing method
relies upon several assumptions which do not accurately
represent actual pUlverized coal flow. Variation of the
particle diameter and pipe surface roughness were shown to
produce coal flow aeviations up to 7% and 15%, respectively.
In addition, the air flow distribution used in Part II of the
computer code relies upon the assumption of either equally
divided flow (Method I) or clean air flow behavior (Method
II) . The actual air flow in each pipeline cannot be
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determined, as explained in Chapter 4. Although each of the
cases examined in Chapter 6 displayed differing behavior for
the two methods, the error due to the assumptions cannot be
determined.
The model is further limited by its use of a single phase
(gas flow) expression for the pressure drop across an orifice
plate. Although this assumption is based upon the concept
that the vast majority of the particles do not "notice" the
plate, it will actually cause some of the particles to fall
out of the flow and form a dune on one side of the plate. In
• • " • Ia horlzontal plate, thlS would create a partlal converglng-
diverging nozzle along the bottom of the pipe, with the
potential of creating a venturi/orifice plate hybrid. For
vertical pipes, the downstream side of the plate will act as
a shelf for the particles which fallout of the flow, and the
"'------
plate may act as a diverging nozzle. However, the author
could not find a gas-solids correlation for orifice plates in
the literature. The extent of the error due to the single-
phase assumption is thus unresolved.
As shown in Chapter 3, the pressure drop correlations are
accurate only to within a range of 30%. Thus, their ability
to precisely balance coal flow distribution, even with exact
data for the operating parameters, is questionable. It should
be mentioned again that the pressure drop correlations
selected for the burner balancing model are judged to be the
most accurate available. Therefore, the model is judged to be
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as accurate as this calculational method allows.
7.3 Recommendations
The computational method presented in this thesis relies
upon empirical correlations and assumed flow behavior. But
the experimental conditions under which the correlations were
developed do not accurately represent those encountered in the
flow of pulverized coal in electric power plants, and they may
be beyond their range of applicability. This model would be
better served by the use of correlations derived from actual
pUlverized coal transport data. A parameter should be
developed to account for the range of particle sizes and
shapes.
An examination of the sensitivity analysis performed in
Chapter 6 shows small deviations for temperature variations
and part-load values of 75%. Thus, the practice of
permanently installing an orifice plate to provide balanced
flow at the conditions which a plant most frequently operates
appears to be adequate for such operating variations.
However, frequent load changes could have a more severe effect
upon the coal distribution, as evidenced by the high
deviations at low load which were calculated in Chapter 6.
The degree of burner balancing required for the efficient
operation of coal-fired power plants has not been determined.
Field studies should be conducted to investigate the effect of
coal flow deviation on unit performance. This information
175
could also be used to examine the validity of the burner
balancing model presented in this thesis.
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APPENDIX 1 - Pipeline Data Used in Chapter 5 & Chapter 6
Pipeline 1
I SECTION, j I OESCRIPTION I DIMENSIONS I
1 vertical Pipe 0=2.5 , L=4.0
2 Coal Riffler Ain=4.91 , Aout=3.14
3 vertical Pipe 0=2.0 , L=3.0
4 Coal Riffler Ain=3.14 , Aout=1.23
5 vertical Pipe 0=1. 25 , L=3.0
6 Pipe Bend 0=1.25 , r c=2.0
7 Horizontal Pipe 0=1. 25 , L=50.0
8 Pipe Bend 0=1. 25 , r c=3.0
9 Horizontal Pipe 0=1. 25 , L=20.0
10 Orifice Plate 0=1.25 , do=l. 235
11 Pipe Bend 0=1.25 , r c=2.0
12 vertical Pipe 0=2.0 , L=12.0
13 Pipe Bend 0=1. 25 , r c=2.0
14 Horizontal Pipe 0=1. 25 , L=4.0
NOTE: A in and Aout are in units of ft2 •
0, L, r e , and do are in units of ft.
Pipeline 2
SECTION, j DESCRIPTION DIMENSIONS
1 vertical Pipe 0=2.5 , L=4.0
2 Coal Riffler A in=4.91 , Aout=3.14
3 vertical Pipe 0=2.0 , L=3.0
4 Coal Riffler A in=3.14 , Aout=1.23
5 vertical Pipe 0=1.25 , L=4.0
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SECTION, j DESCRIPTION DIMENSIONS
6 Pipe Bend D=1.25 , r c=2.0
7 Horizontal Pipe D=1.25 , L=50.0
8 Orifice Plate 0=1. 25 , do=0.9822
9 Pipe Bend 0=1. 25 , r c=2.0
10 vertical Pipe 0=1.25 , L=l1. 0
11 Pipe Bend D=1.25 , r c=2.0
12 Horizontal Pipe 0=1. 25 , L=4.0
NOTE: Ain and Aout are in units of ft2 •
D, L, r e , and do are in units of ft.
pipeline 3
SECTION, j DESCRIPTION DIMENSIONS
1 vertical Pipe D=2.5 , L=4.0
2 Coal Riffler Ain=4.91 , Aout=3.14
3 vertical Pipe 0=2.0 , L=3.0
4 Coal Riffler Ain=3.14 , Aout=1.23
5 vertical Pipe 0=1. 25 , L=5.0
6 Pipe Bend D=1. 25 , r c=2 . 0
7 Horizontal Pipe D=1.25 , L=30.0
8 Orifice Plate D=1. 25 , do=0.9082
9 Pipe Bend 0=1. 25 , r c=2.0
10 vertical pipe D=1. 25 , L=10.0
11 Pipe Bend D=1. 25 , r c=2.0
12 Horizontal Pipe 0=1. 25 , L=4.0
NOTE: Ain and Aout are in units of ft2 •
0, L, r e , and do are in units of ft.
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Pipeline 4
SECTION, j DESCRIPTION DIMENSIONS
1 vertical Pipe 0=2.5 , L=4.0
2 Coal Riffler A in=4.91 , Aout=3.14
3 vertical Pipe 0=2.0 , L=3.0
4 Coal Riffler A in=3.14 , Aout=l. 23
5 vertical pipe 0=1.25 , L=6.0
6 Pipe Bend 0=1.25 , r c=2.0
7 Horizontal Pipe 0=1. 25 , L=30.0
8 Pipe Bend 0=1.25 , r c=3.0
9 Horizontal Pipe 0=1. 25 , L=20.0
10 orifice Plate 0=1.25 , do=1. 01
11 Pipe Bend 0=1. 25 , r c=2.0
12 vertical Pipe 0=1. 25 , L=9.0
13 Pipe Bend 0=1. 25 , r c=2.0
14 H9rizontal Pipe 0=1. 25 , L=4.0
NOTE: Ain and Aout are in units of ft2 •
0, L, r e , and do are in units of ft.
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APPENDIX 2 - Computer Code Subroutines
The burner balancing calculation procedure presented in
this thesis has been developed into a FORTRAN computer code.
A main program, MOWGLI, coordinates the general process
through a series of DO LOOPS and control mechanisms as shown
in the flow charts of Figures (5-1) and (5-3). However, the
majority of the detailed, gas-solid flow calculations are
performed in subroutines which are written specifically for a
pipe section type (vertical pipe, bend, etc.). In addition,
the root-finding and numerical integration routines needed to
solve the expressions in Chapter 3 are also performed in
subroutines. This Appendix provides a summary of the
subroutines and functions used in MOWGLI.
A2.1 Subroutine VERN
The subroutine VERN is used to calculate the pressure
drop experienced by the gas-solid flow in a vertical pipe.
As input, it requires:
1.) The constant flow parameters:
- air density
air viscosity
solid particle density
particle terminal velocity, ~
mean particle diameter
2.) The relative roughness of the pipe wall.
(For its derivation, see Appendix 3)
3.) An indicator which signals the need to
perform acceleration calculations, based
upon the location of the section in the
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pipeline.
4.) The "section-specific" flow information:
- coal mass flow rate
- pipe diameter
- pipe length
superficial air speed, Uo
This information is used in conjunction with the equations
presented in Chapter 3 in the following manner. The group of
e?,pressions which describe the fully-accelerated particle
yelocity in vertical flow, Eqs. (3-2), (3-8), (3-11), and
(3-14), are used to solve for the particle velocity. since
these 4 equations are interdependent, a root-solving technique
is needed. The subroutine ZBRAK is called to determine which
regions of the range from Ut to Uo contain a zero-crossing of
the implicit particle velocity function. The actual root
(Le. Up,v) within the region specified by ZBRAK is then
determined by the function ZBRENT in conjunction with the
function KONG, which is simply the 4 interrelated particle
velocity equations and their resultant implicit function.
The air friction factor is calculated via the expressions
developed in Appendix 3.
The acceleration length, if needed, is determined via the
numerical integration scheme in the subroutine MIDPNT. MIDPNT
uses the operational information and combines it with Eq. (3-
17), presented in the function MAKO, to perform the
integration. The lower integration limit is derived from Eq.
(3-2) with the voidage coefficient set to a value of 0.65,
indicating a dense-phase flow. The upper limit is equal to
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C
95% of the fully-accelerated particle velocity, ~~. Since
the integrating equation experiences a singularity as it
approaches the actual particle velocity, the upper limit is
set to 95% of the fUlly-accelerated particle velocity, Up,v
[35] .
If acceleration effects are present, then the effective
length is calculated, as given by Eq. (3-19)
(3-19)
When the acceleration length is greater than the actual pipe
length, the effective length is set equal to zero. And in
situations where the flow has been fUlly-accelerated before it
enters the current flow section, the effective length equals
the actual pipe length.
Finally, the pressure drop calculations are performed.
Eq. (3-24) is utilized for the acceleration pressure drop (if
required). Due to the absence of information regarding Up,v as
a function of the pipe length within the acceleration region,
1, the integration of Eqs. (3-25) (3-28) assumes the
constant, fully-accelerated values for the variables in the
integrated functions [35]. ThUS, these integrals reduce to
simple algebraic expressions. Then, using the effective
length, the other components of the pressure drop are
calculated from Eqs. (3-20), (3-22), and (3-23).
VERN returns the following information to the main
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program MOWGLI:
1.) Fully-accelerated vertical particle
velocity, Up,v.
2.) Air friction coefficient, f g •
3.) Voidage coefficient.
4.) Pressure drop components:
- acceleration
static head
air friction
solids friction
combined friction
total
A2.2 Subroutine HOWIE
This subroutine performs the calculations pertaining to
horizontal pipe sections and is very similar to subroutine
VERN. The same information input to VERN is also supplied to
HOWIE. Subroutine ZBRAK and the function ZBRENT are used to
calculate the particle velocity, Up,h' from the combination of
Eqs. (3-2), (3-8), (3-12), and (3-15).
If acceleration effects are present, the same procedure
followed by VERN is used in HOWIE, with Eq. (3-18)
substituting for Eq. (3-17). And the total horizontal
pressure drop is calculated in the same manner as VERN, with
the exclusion of the static head contribution.
Finally, the parameters returned by HOWIE to MOWGLI are
the same as those returned by VERN.
A2.3 Subroutine BENJI
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This subroutine calculates the pressure drop in a pipe
bend. As input, it receives the following information:
1.) The constant flow parameters:
- air density
- air viscosity
- solid particle density
- particle terminal velocity, Ut
- mean particle diameter
2.) The "section-specific" data:
- pipe diameter
- bend radius of curvature
- coal mass flow rate
- superficial air velocity
Using this information, the routine calculates the pressure
loss in the bend from the expressions presented in Chapter 3:
Eqs . (3- 30), (3 - 31), and (3- 32) • BENJI then returns this
total bend pressure drop value to MOWGLI.
A2.4 Subroutine DRAC
This subroutine performs the calculations which are the
crux of Part I of MOWGLI: determining the orifice plate sizes
needed to provide balanced flow. As input, DRAC receives the
following information:
1.) The pipe diameter
2.) The superficial air velocity
3.) The desired pressure drop
Using the method presented in Chapter 4, Eqs. (4-7) to (4-15)
are solved to determine which size plate opening will produce
the des ired pressure drop. since this process involves
working backwards through this series of equations, a root-
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finding technique is employed which requires the use of
subroutine ZBRAK and function ZBRENT. To simplify this
procedure, Eqs. (4-7) to (4-15) are listed and performed in
the function VLAD.
When the orifice opening has been determined, DRAC
returns this value to MOWGLI. In addition, if one plate
cannot provide the desired pressure drop in the range of
(do=D/2 to do=D) , then this routine determines how many plates
are required to achieve the necessary pressure loss. This
value is also returned to MOWGLI.
A2.5 Function JAWS
The horizontal acceleration length equations are listed
and executed in this function. Called by HOWIE and driven by
the subroutine MIDPNT, this function performs the numerical
integration of Eq. (3-18).
A2.6 Function KONG
The vertical, fully-accelerated particle speed equations
are listed in this function. Called by VERN and manipulated
by ZBRAK and ZBRENT, this function allows the implicit series
of Eqs. (3-2), (3-8), (3-11), and (3-14) to be solved.
A2.7 Function MAKO
The vertical acceleration length equations are listed and
executed in this function. Called by VERN and driven by
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MIDPNT, this function performs the numerical integration of
Eq. (3-17).
A2.8 Subroutine MIDPNT [36]
This subroutine is a numerical integration routine which
computes the nili stage of refinement of an extended midpoint
integration rule. When it is called with n=l, the routine
will return the crudest estimate for the integrated function.
However, subsequent calculations with n=2 , 3 , • • . (in that
sequential order) improves the accuracy and can be easily
performed in a DO LOOP. A convergence criterion is employed
to halt the loop process when sufficient accuracy is achieved.
As input, the subroutine needs:
1.) The lower and upper limits of integration.
2. ) The stage of refinement, n.
3. ) A integral function to operate on.
The routine returns to its caller the numerical value for the
integral function at each stage of refinement, until
sUfficient accuracy is achieved.
A2.9 Subroutine OTTO
OTTO is used to calculate the pressure drop across an
orifice plate. Thus, it is used in Part I of MOWGLI to verify
that the "ideal" plates which are calculated by DRAC actually
will provide the desired pressure drop. OTTO is also used in
Part II to account for the presence of any currently existing
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orifice plates in the pipeline distribution system.
As input, this subroutine requires:
1.) The pipe diameter in which the plate resides.
2.) The diameter of the plate opening.
3.) The superficial -air velocity.
Then, using the series of equations presented in Chapter 4
(Eqs. (4-7) through (4-15», the pressure drop across the
plate is calculated. This value is then returned to MOWGLI.
A2.10 Function TREX
The horizontal, fUlly-accelerated particle speed
expressions are listed in this function. Called by HOWIE and
manipulated by ZBRAK and ZBRENT, this function allows the
implicit series of Eqs. (3-2), (3-8), (3-12), and (3-15) to be
solved.
A2.11 Function VLAD
This function is utilized by subroutine DRAC to calculate
the orifice plate sizes which will provide the pressure drops
required in Part I of MOWGLI. Due to the root-finding
technique needed to solve Eqs. (4-7) through (4-15) for the
plate opening diameter, DRAC calls ZBRAK and ZBRENT to
determine the solution.
A2.12 Subroutine ZBRAK [36]
ZBRAK is a root-finding subroutine that divides an
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interval into N equal parts and determines over which of these
regions a zero-crossing of the function occurs. As input, it
requires the following:
1.) Number of regions, N, to examine
·2.) The interval of operation
3.) The function to be solved
It then returns to its caller the bracketed regions over which
the zero-crossings occur.
A2.13 Function ZBRENT [36]
This function is used by the caller of ZBRAK to determine
the exact solution of a function in the regions of zero-
crossings provided by ZBRAK. ZBRENT utilizes Brent's method,
which is a combination of bisection and inverse quadratic
interpolation that converges upon the solution of a function
in the neighborhood of a zero-crossing. The following input
is required:
1.) The zero-crossing interval (supplied by ZBRAK).
2.) The maximum number of iterations to perform.
3.) The desired accu~acy of the solution
to the function.
4.) The function to be solved.
since ZBRENT is an inherent part of a given routine which has
called ZBRAK, its output is received by that same routine.
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APPENDIX 3 - Gas Friction Factor
The pressure drop equations present~d in Chapter 3 of
this thesis make use of the gas friction factor, f g •
coefficient effects the magnitude of the pressure loss
experienced by the flow due to frictional resistance along the
pipe walls. Thus, it depends upon the pipe geometry, air flow
Reynolds number, and the surface roughness of the pipe
material. Fox & McDonald [28] graphically present the Moody
[37] data for the relative roughness, e/D, of common pipeline
materials in new condition. The relative roughness value is
then used in conjunction with the Reynolds number to
graphically determine the friction factor for fUlly-developed
flow in circular pipes, also based upon the data of Moody.
For this thesis, the following pipeline materials were
considered: Commercial steel, Wrought Iron, Cast Iron,
Galvanized Iron, and Asphalted Cast Iron. The computer code
developed in Chapter 5 requires the input of one of these
materials for the calculation of the gas friction factor.
using curve-fits for the Moody data, the following equation is
utilized by the program:
f = O.25[IOg(e/D + 5.74)]-2.0
g 3.7 ReO.9
(A3-1)
Thus, for each calculation which requires this factor, the
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pipe diameter of the section and its superficial air velocity
are needed. The relative roughness value depends upon the
type of pipeline material, as given in the table below.
MATERIAL TYPE ROUGHNESS (feet)
Commercial Steel 0.00015
,
Wrought Iron 0.00015
Galvanized Iron 0.00050
Cast Iron 0.00085
Asphalted Cast Iron 0.00040
Along with the Reynolds number, Eq. (A3-1) is solved using the
appropriate roughness value, e, and dividing it by the pipe
diameter (in feet).
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APPENDIX 4 - Tabulated Data for Chapter 6
This information pertains to the sensitivity analysis in
Chapter 6. For each case considered,. the following variables
are listed:
m coal =
m air =
Yi coal =
Dev. =
AjF =
Coal mass flow rate
Air mass flow rate
Coal mass fraction
Coal flow deviation
Air-to-fuel ratio
The baseline values are:
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.9998 6.3510 0.2500 -0.0067 2.1171
2 2.9999 6.3510 0.2500 -0.0033 2.1171
3 3.0002 6.3510 0.2500 0.0067 2.1169
4 3.0001 6.3510 0.2500 0.0033 2.1169
A4.1 Variations in operating Parameters
A4.1.1 Air Temperature=145°F
Method I
pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 3.0496 6.5610 0.2541 1. 6537 2.1514
2 2.9946 6.5610 0.2495 -0.1813 2.1910
3 2.9375 6.5610 0.2448 -2.0837 2.2335
4 3.0183 6.5610 0.2515 0.6113 2.1737
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.7782 6.6094 0.2315 -7.3933 2.3790
2 3.1221 6.5295 0.2602 4.0697 2.0914
3 3.2617 6.5067 0.2718 8.7220 1. 9949
4 2.8381 6.5877 0.2365 -5.3983 2.3212
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A4.1. 2 Air Temperature=155°F
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 3.0265 6.4543 0.2522 0.8823 2.1326
2 2.9949 6.4543 0.2496 -0.1717 2.1551
3 2.9722 6.4543 0.2477 -0.9257 2.1715
4 3.0065 6.4543 0.2505 0.2153 2.1468
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.7719 6.5019 0.2310 -7.6023 2.3456
2 3.1170 6.4233 0.2597 3.8990 2.0608
3 3.2706 6.4209 0.2725 9.0187 1. 9632
4 2.8405 6.4806 0.2367 -5.3153 2.2815
A4.1. 3 Air Temperature=175°F
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbrnjs] [ % ] Ratio
1 2.9764 6.2510 0.2480 -0.7853 2.1002
2 3.0043 6.2510 0.2504 0.1440 2.0807
3 3.0276 6.2510 0.2523 0.9193 2.0647
4 2.9917 6.2510 0.2493 -0.2780 2.0895
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Rat~o
1 2.7628 6.2971 0.2302 -7.9057 2.2792
2 3.1017 6.2210 0.2585 3.3910 2.0057
3 3.2827 6.1993 0.2736 9.4243 1. 8884
4 2.8527 6.2765 0.2377 -4.9097 2.2002
A4.1. 4 Air Temperature=185°F
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.9494 6.1540 0.2458 -1.6857 2.0865
2 3.0015 6.1540 0.2501 0.~493 2.0503
3 3.0605 6.1540 0.2550 2. 153 2.0108
4 2.9886 6.1540 0.2491 -0.3790 2.0591
Method II
Pipe m coal m air Yi coal Dev. AjP'
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.7602 6.1995 0.2300 -7.9920 2.2460
2 3.0919 6.1246 0.2577 3.0640 L9ra3 3.2864 6.1032 0.2739 9.5460 1.8 71
4 2.8615 6.1792 0.2385 -4.6183 2.1 95
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A4.1. 5 25% Load (C. E. <;lata)
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 0.8947 4.4730 0.2982 19.2893 4.9996
2 0.6646 4.4730 0.2215 -11. 3893 6.7306
3 0.5967 4.4730 0.1989 -20.4360 7.4959
4 0.8440 4.4730 0.2813 12.5360 5.2996
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ ~ ] Ratio0
1 0.6343 4.5076 0.2114 -15.4213 7.1060
2 0.7891 4.4531 0.2630 5.2080 5.6436
3 0.8881 4.4376 0.2960 18.4093 4.9968
4 0.6995 4.4928 0.2332 -6.7280 6.4225
A4.1. 6 50% Load (C. E. data)
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 1.4989 5.4840 0.2498 -0.0767 3.6588
2 1. 4636 5.4840 0.2439 -2.4293 3.7470
3 1.5068 5.4840 0.2511 0.4547 3.6395
4 1. 5308 5.4840 0.2551 2.0513 3.5825
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 1.2735 5.5254 0.2123 -15.0973 4.3386
2 1.4133 5.4587 0.2355 -5.7833 3.8625
3 1.9730 5.4396 0.3288 31.5340 2.7570
4 1. 3402 5.5074 0.2234 -10.6527 4.1093
A4.1. 7 75% Load (C. E. data)
Method I
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ 9-- ] Ratio0
1 2.2929 6.0730 0.2548 1. 9067 2.6486
2 2.2164 6.0730 0.2463 -1. 4924 2.7400
3 2.2005 6.0730 0.2445 -2.1982 2.7598
4 2.2901 6.0730 0.2545 1. 7836 2.6518
Method II
Pipe m coal m air Yi coal Dev. AjF
Number [lbmjs] [lbmjs] [ % ] Ratio
1 2.0709 6.1187 0.2301 -7.9622 2.9547
2 2.3195 6.0448 0.2577 3.0907 2.6060
3 2.4654 6.0236 0.2739 9.5733 2.4433
4 2.1442 6.0987 0.2382 -4.7018 2.8442
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A4.1. 8 25% Load (Constant A/F)
Method I
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ ~ ] Ratio0
1 0.6858 1. 5877 0.2286 -8.5613 2.3151
2 0.7904 1. 5877 0.2635 5.3853 2.0088
3 0.8150 1.5877 0.2717 8.6680 1. 9481
4 0.7088 1. 5877 0.2363 -5.4920 2.2400
Method II
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ ~ ] Ratio0
1 0.6590 1.5995 0.2197 -12.1320 2.4271
2 0.7917 1. 5801 0.2639 5.5613 1. 9959
3 0.8547 1.5746 0.2849 13.9653 1.8422
4 0.6945 1. 5942 0.2315 -7.3947 2.2954
A4.1. 9 50% Load (Constant A/F)
Method I
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ % ] Ratio
1 1. 4243 3.1755 0.2374 -5.0460 2.2295
2 1.5658 3.1755 0.2610 4.3853 2.0281
3 1. 5768 3.1755 0.2628 5.1187 2.0139
4 1.4340 3.1755 0.2390 -4.3980 2.2144
Method II
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ % ] Ratio
1 1.3221 3.1989 0.2203 -11.8633 2.4197
2 1.6068 3.1603 0.2678 7.1207 1. 9668
3 1.6971 3.1492 0.2828 13.1380 1. 8557
4 1. 3741 3.1885 0.2290 -8.3953 2.3204
A4.1.10 75% Load (Constant A/F)
Method I
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ % ] Ratio
1 2.2501 4.7632 0.2500 0.0022 2.1169
2 2.3015 4.7632 0.2557 2.2876 2.0696
3 2.2467 4.7632 0.2496 -0.1462 2.1201
4 2.2018 4.7632 0.2446 -2.1436 2.1634
Method II
Pipe m coal m air Yi coal Dev. A/F
Number [lbm/s] [lbm/s] [ ~ ] Ratio0
1 2.0186 4.7984 0.2243 -10.2853 2.3771
2 2.4210 4.7404 0.2690 7.5982 1. 9581
3 2.4934 4.7238 0.2770 10.8182 1. 8945
4 2.0671 4.7827 0.2297 -8.1311 2.3138
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A4.2: variation of Model Assumptions
A4.2.1 50 micron Particle size
m coal
[lbm/s]
3.1421
3.0101
2.8407
3.0071
Pipe
Number
1
2
3
4
Pipe
Number
1
2
3
4
A4.2.2 65
Method I
m air Yi coal
[lbm/s]
6.3510 0.2618
6.3510 0.2508
6.3510 0.2367
6.3510 0.2506
Method II
m coal m air Yi coal
[ lbm/ s] [ lbm/ s]
2.7667 6.3979 0.2306
3.2016 6.3206 0.2668
3.2503 6.2985 0.2709
2.7815 6.3769 0.2318
micron Particle size
Dev.
[ % ]
4.7380
0.3360
-5.3097
0.2357
Dev.
[ % ]
-7.7763
6.7187
8.3417
-7.2840
A/F
R.atio
2.0212
2.1099
2.2357
2.1120
A/F
Ratio
2.3124
1.9742
1. 9378
2.2926
m coal
[lbm/s]
3.1544
3.0102
2.8284
3.0071
Pipe
Number
1
2
3
4
Pipe
Number
1
2
3
4
A4.2.3 100
Method I
m air Yi coal
[lbm/s]
6.3510 0.2629
6.3510 0.2509
6.3510 0.2357
6.3510 0.2506
Method II
m coal m air Yi coal
[ lbm/s] [ lbm/ s ]
2.7702 6.3979 0.2309
3.2037 6.3206 0.2670
3.2460 6.2985 0.2705
2.7800 6.3769 0.2317
micron Particle Size
Dev.
[ % ]
5.1460
0.3403
-5.7217
0.2350
Dev.
[ % ]
-7.6590
6.7910
8.2003
-7.3323
A/F
Ratio
2.0134
2.1098
2.2455
2.1120
A/F
Ratio
2.3095
1. 9729
1. 9404
2.2938
0.2309
0.2662
0.2707
0.2321
Pipe
Number
1
2
3
4
Pipe
Number
1
2
3
4
m coal
[lbm/s]
3.1357
3.0040
2.8473
3.0130
m coal
[lbm/s]
2.7713
3.1947
3.2489
2.7851
Method I
m air Yi coal
[lbm/s]
6.3510 0.2613
6.3510 0.2503
6.3510 0.2373
6.3510 0.2511
Method II
m air Yi coal
[lbm/s]
6.3979
6.3206
6.2985
6.3769
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Dev.
[ % ]
4.5237
0.1330
-5.0887
0.4323
Dev.
[ % ]
-7.6240
6.4910
8.2960
-7.1630
A/F
Ratio
2.0254
2.1142
2.2305
2.1079
A/F
Ratio
2.3086
1. 9784
1. 9387
2.2897




